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foreword 


This  i8  the  final  and  summary  progress  report  submitted  under  G.O.  8(>03 
in  compliance  with  Contract  AF0;i(6ll)-105'i6,  Part  I,  Para.  1)2.  The 
research  reported  herein,  which  covers  the  period  of  1  April  1963  through 
31  March  1966,  was  sponsored  by  the  Air  Force  Rocket  Propulsion  Laboratory, 
Research  and  Technology  Division,  Air  Force  Systems  Command,  Edwards, 
California,  with  Mr.  R.  A.  Biggers  acting  as  the  Air  Force  Project  Engineer. 

This  program  was  corducted  in  the  Chemical  Research  Section  of  the  Rocketdyno 
Research  Division,  with  Dr.  J.  Silverman  serving  as  Program  Manager  and 
Mr.  M.  T.  Constantine  serving  ns  Responsible  Project  Scientist. 

This  report  has  been  assigned  the  Rocketdyne  identification  number  R-6335- 

The  following  technical  personnel  contributed  to  the  work  described  in 
this  report: 

Piasc  I:  Literature  Survey 

A.  II.  Rock 

■  M.  J.  Seric 

K.  J.  Youel 

Phase  II:  Experimental  Physical  Property  Characterization 

G.  L.  Bauerlc  (Viscosity,  Inert  Gas  Solubility) 

Dr.  J.  Gerhauser  (Specific  Heat) 

Dr.  J.  V.  Hamilton  (Specific  Heat) 

J.  V.  Lecce  (Thermal  Conductivity) 
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AHSTltACl 


The  results  of  a  iL’-montli  program  on  the  analytical  and  experimental  cliarac 
teri/ation  of  the  physical  properties  of  selected  liquid  propel lants  tire 
presented  in  three  phases.  In  Phase  I.  a  literature  survey  was  conducted 
to  update  the  presently  available  compilation  of  physical  properties  data. 
Phase  II  experimental  efforts  have  resulted  in  the  measurement  of 
N.  1I,-(CII_)  \  II (lO-lo)  and  I’lLM  l!_  thermal  rouiluetivitv;  IllFXA  and  C1I'_ 

i  2  2  2  i  '2  i  •  > 

sonie  velocity;  C1F_  and  CILN'IL  specific  heat,  and  correction  of  ril’_ 
specific  heat  data;  C1F_  phase  properties;  and  the  (lesion  and  assembly  of 
apparatuses  for  measurement  of  inert  gas  solubility  in  liquids  and  liquid 
viscosities  at  extended  temperatures  .uni  pressures.  Phase  III  efforts 
included  the  assembly  and  evaluation  of  physical  property  data  on  MHF-1. 
MHK- >.  >011-1,  DIF-,  and  C1F_  for  future  simnnarv  publication  ami  correlation 

i  •)  • 

of  all  data  generated  in  Pluise.s  I  and  II. 

(Confidential  Abstract ) 
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INTUODIVTION 


Successful  design  and  dove* lopment  of  an  operut  i r.nal  liquid  propulsion 
missile  system  is  dependent  mi  tin1  .stall-  of  tin-  technology  of  tin-  propel¬ 
lants  utilized  in  t ho  system.  Comprehensive  knowledge  of  tin1  propellant's 
phase.  thermodynamic,  transport,  and  electromagnetic  propi-rt  ics  is  required 
for  tin-  ili-t iii  led  des  i  nil  and  aper.it  i mi  of  the  complex  physical  and  ehemiral 
processes  involved  in  tankage.  pomp  in;:,  e*  pulsion,  injection,  coiiibust  ion , 
heat  transfer,  etc.,  that  are  integral  parts  of  the  missile  system. 

Frequent ly .  the  aciptisition  of  these  necessary  physical  property  data  has 
lagged  development  of  propulsion  systems  using  the  propellants.  Although 
partial  physical  characteri/.al ion  of  the  propellants  has  enahled  initial 
system  development  efforts,  serious  naps  in  other  essential  physical 
property  data  have  been  the  pacing  T.ictors  in  reducin':  the  systems  to 
complete  operational  practice.  In  addition,  analysis  and  utilization  of 
many  propellant  candidates  have  been  somei.hat  curtailed  by  insufficient 
physical  data.  The  requirements  fnt  more  extensive  data  in  these  areas 
have  become  increasingly  evident  as  the  application  ranges  of  the  propel¬ 
lants  are  extended  hy  the  vehicle  design  dementis  of  more  stringent  missions. 

Based  on  this  continuous  requirement  for  accurate  physical  property  data  on 
a  variety  of  current  anti  near-term  propellants.  HocKetdvne  initiated  a 
program  under  Cunt  met  AI-'Ori  ( •*  1 1  T-lO’Vib.  This  prognuii  consisted  of  systematic- 
physical  property  charactei i/at  ion  of  selected  liquid  propellants  of  interest 
to  the  Air  Force  ox'er  temperature  and  pressure  ranges  practical  to  propulsion 
system  engineering. 

A  l'J-month  effort-,  started  in  April  I'X'l.  was  conducted  ill  three  phases, 
all  of  which  pirt.iin  to  the  rational  .uid  systematic  physical  characteriza¬ 
tion  of  liquid  propellants.  Chase  I  consisted  of  a  literature  survey  to 
document  all  report :*d  physical  property  dura  on  propellants  of  int  -rest  to 
the  Air  Force.  Fader  Pliuse  f  I .  unax'ui  lah  I  e  and  essential  physical  properties 
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of  so  lor  ted  propellants  were  experimentally  determined.  Pliase  III 
comprised  the  evaluation  of  data  generated  in  Phases  I  and  II  and 
subsequent  Pliase  II  direction  of  effort. 

This  report  describes  each  phase  of  the  program  in  terms  of  objective 
and  results  and  accomplishments. 
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summaiiy 


Analvticnl  and  experimental  research  conducted  during  a  12-raonth  period 
on  a  program  to  complete  the  data  on  essential  physical  properties  of 
current  and  ncur-term  propellants  of  interest  to  the  Air  Force  is  described 
in  three  phases. 

Phase  I  consisted  of  a  literature  survey  to  update  the  presently  available 
compilation  of  physical  properties  data.  Continuation  of  the  survey  of 
current  propellant  literature  over  the  entire  12-month  period,  to  supplement 
the  original  1-  to  2-month  concentrated,  comprehensive  literature  survey, 
was  performed  as  a  part  of  Uocketdync ' s  normal  in-house  funding. 

The  experimental  characterization  of  essential  physical  properties  of 
selected  propellants  was  conducted  under  Phase  II.  Experimental  efforts 
wore  directed  at  measurements  of  thermal  conductivity,  sonic  velocity  (and 
compressibility),  specific  heat,  density,  inert  gas  solubility,  and  viscosity 
of  selected  propellants  in  an  order  related  to  their  importance  to  the  Air 
Force.  Liquid  thermal  conductivity  measurements  were  completed  under 
saturated  conditions  on  the  Nl|lI((-(ni.)l>N',,IIo(’50-'j0)  fuel  blend  at  temperatures 
from  TO  to  70j  F  and  on  monomotbylhydra/ inc  at  temperatures  from  -TO  to 
TOT  F  through  use  of  a  steady-state  concentrie-cvlinder  conductivity  cell. 

The  valid  data  were  curve-fitted  with  the  following  equations: 


\yi,r(ClL)2\2II2(T0-T0) 


k(»TU/hr-ft-F)  =  ‘  x  10  T(F)  '  x  10  '  f(l  ) 

cii_y.iL 

t  2  ^ 

k(mr  hr-f.-K)  *  '  >»' '  t(k)  -  ‘  I0'T  4) 

As  a  result  of  apparatus  checkout  tests,  sonic  velocity  was  measured  in 
a  jO  w,  o  aqueous  solution  of  HF  at  77  F  (lT’iO  m,3ee)  anil  in  propellant 
grade  1111X1  from  TO  to  HO  F  (l>i28  to  1717  ni/sec).  Data  resulting  from 
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measurements  of  sonic  velocity  in  f1F_  over  a  temperature  range  of  “1!  to 
ltdi  1'  wore  curve- fitted  with  the  following  equation: 

'(*/«*)  ‘  h-vn  x  ,0"’  -  *  “V)  *  '  l0'2  r(i  ) 

Ad inha tic  compressihilities  calculated  from  tliesc  data  ranged  from 
2.11’t  x  10_<’  to  1!.  >7-  x  10  psi~^  (“0  to  HO  F)  for  IllFNA  and  established 
the  following  relationship, for  C1I'_: 

's  (psi*1)  =  r>-1’1  x  1()1  ’  'l,<)'10  x  10_1  f(c)  +  1*ls]  x  ,(l’’  T(c) 

Equations  for  the  specific  heats  of  Cll'_  tutd  < "II_N, ,11—  were  derived  from  data 
taken  in  experimental  measurements  using  .in  adiabatic  calorimeter,  llte 
specific  heat  of  <’1F_  under  saturated  conditions  from  l'i  I  10  1>.:  I  is: 

<•.  (ml,  m-s)-  ♦  O'*”  *  T(K)  -  “•aw“  *  l,r''T(K)  ' 

11, 1010  x  10* "t j,., 

Monome  t  by  I  bvdrn/ i  ee  specific  heat  from  (»H  F  to  2’tH  F  is: 


Data  obtained  previously  on  C1F.  specific  lieat  uoro  corrected  by  apparatus  ettli 
brat  ion  and  curve-fitted  from  -IH  F  to  122  F  uttli  the  following  equation: 


s(cal  gtn-K)  =  1‘0H''7  "  <Mn"  * 


10*  “T 


(K) 


♦  \  It)  T 


(K) 


-o.'iioo  \  nf'  r  ’ 


A  I’oole- Vyborg  densimeter  was  used  to  khmshiv  CIF_  density  over  a  temperature 
range  of  12  F  to  the  critical  point.  These  data  corresponded  with  prevmuslx 
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del  <•  nil  i  iumI  diit. i  .mil  ken'  used  to  est  nli  1 1  >h  ii  saturated  dctisi  t  v-tempcrat  lift1 
ri>  hit  intcdup  ol  ■: 

P  (g/cc)  -  5*433  -  2.955  x  l(f2  T(Kj  ♦  8.625  x  10“5T^.)  -  9.374  x  10'8T 

over  a  temperature  range  of  2T  K  to  ">122  F.  Tin*  ilitta  were  extrapolated 
gruphica I  lv  to  t hr  critical  point  by  moans  ol'  add i lional  experimental  Iv 
obtained  points.  Vapor  pressure  data  ami  further  vori  fieat  ion  of  the 
density  data  \*ero  obtained  on  ('ll.  near  the  eritieal  point  from  it  constant 
vo lame  vapor  pressure  bomb.  The  critical  temperature  of  C1F_,  determined 
Irani  observation  of  the  liquid-vapor  meniscus  disappearance,  is  111.1  F. 

Oesigii.  fabrication,  and  enl  ihrat  ion  of  an  apparatus  to  measure  inert  gas 
solubility  in  liquid  propellants  lias  been  completed.  Tin*  apparatus  was 
passivated  and  loaded  i.itb  ('ll  _ :  preliminary  N’,,  (g)  solubility  meiisure- 
ments  have  been  initiated  in  this  propellant. 

Final  assembly  of  an  all-metal  capillary  viscometer  is  nearly  completed. 

With  this  apparatus,  the  motion  of  the  liquid-gas  interface  within  the 
“teel  tubing  of  the  apparatus  is  followed  bv  means  of  a  magnetic  steel 
float  a t  the  interlace  and  a  d i  i'fei cut  ini  transformer  surrounding  the  tube. 
Initial  measurement s  will  extend  present  (’IF.  viscosity  data  to  higher 
' emperatures  and  pressures. 

Phase  III  involved  the  overall  analysis,  correlation  and  evaluation  of 

data  generated  in  Phases  I  and  II.  Initial  efforts  in  the  phase  resulted 

in  location  of  dnfi  gaps  find  formation  of  the  experimental  phut  of  action 

for  Phase  II  el'fott.  Additional  effort  provided  complete  physical  property 

bibliographies  for  'll  IF—  1  ,  MID'—  3 .  MI  IK- 5.  t’lF_,  and  C1F_,  and  initiated  the 

>  _  > 

cataloging  of  these  data  for  future  summary  publication.  Data  correlation 

efforts  resulted  in  ttrve- f i 1 1  ing  tw-o  different  sets  of  <’1F_  vi  scorn  tv 

> 

data  from  -110.1  to  n.s  F  with  the  following  equation: 

«fn.  . . )  ■  - 
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TErirN'ICAI,  PROGRAM 


P1L\SE  I:  LITERATI’!  IE  SURVEY 


objective 


The  Plmsc  I  objective  was  a  1-  to  2-month  literature  survey  to  update  and 
supplement  llocketdyne's  present  compilation  and  documentation  of  liquid 
propellant  property  data  over  operational  temperature  and  pressure  ranges. 
This  survey  was  designed  to  review  all  propellants  of  present  and  near- 
future  interest  to  the  Air  Force,  with  primary  emphasis  placed  on  the 
following  fuels  and  oxidizers: 


Fuels 

Oxidizers 

Liquid  hydrogen  (Utg) 

Liquid  oxygen  (LO,,) 

UDMIf-N2H4(50-50) 

Chlorine  pentaf luoride  (CIF^) 

Hydrazine  (NgH^) 

Chlorine  trifluoride  (CIF^) 

UDMH  f(CH3)2N2H2j 

Fluorine  (F,,) 

MMH  (CH^Rj) 

Hydrogen  peroxide  (H.,0,,) 

NoII/(-MMII-Ho0  mixture 

Nitrogen  tetroxide  (N„0;) 

Uybaline  A- 3 

Mixed  oxides  of  nitrogen  (MON’) 

lfybnline  B-l 

FLOX  mixtures  (0o-F„) 

Aluraizine 

Oxygen  difluoride  (0Fo) 

Pentaborone  (B^H^) 

Diboranc  (B,,H^) 

Tet  raf  1  uorohyd  rnz  ine  ( Nf)F;( ) 

a  was  turn.  immrrt  was  wo v  rood 
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RESIXTS  AND  ACCOMPLI SIMM’S 

The  comprehensive  survey  of  the  propellant  properties  literature,  conducted 
ns  Phase  T.  was  completed  during  the  first  quarter  of  the  program.  This 
concentrated  effort,  directed  primarily  at  propellants  of  interest  to  the 
Air  Force  (as  noted  in  t he  Phase  T  objectives),  was  materially  minimized 
by  previous  Ilochetdyne  efforts  in  this  area.  During  the  remainder  of  the 
program,  a  continuous  document.it  ion  of  current  propellant  properties  liter¬ 
ature  was  maintained  as  part  of  a  normal  in-house  function. 

A  major  portion  of  the  literature  survey  was  centered  around  the  following 
reference  sources: 

1.  Chemical  Propulsion  Agency  Abstracts  (formerly  Chemical  Ihropulsion 
Information  Agency  and  Liquid  Propulsion  Information  Agency),  1018 
to  the  present. 

2.  Chemical  Abstracts,  1007  to  the  present 

7.  (imclin's  llandhuch  der  anorganischen  Chemic,  Merlin  (Earliest  work- 
on  a  given  compound  through  I07(i  and  1017;  revisions  and  addenda 
Trem  1038  to  the  present) 

'i.  NASA  CSTA11  Abstracts,  1010  to  the  present 

1.  Technical  Abstract  Bulletin  (TAll)  Index.  Defense  Documentation 
Center  (formerly  ASTTA),  1078  to  the  present 

In  addition  to  the  above  references,  original  propellant  data  sources  were 
located  through: 

1.  International  Critical  Tallies,  Vol.  I-VIII.  published  in  1028 

2.  Various  te\t  boohs  on  chemical  compounds 

7.  Propellant  hnndhoohs  compiled  within  tile  propulsion  ronraunitv 
(including  the  liquid  propellant  manuals  eompiled  by  Mattel lc 
Memorial  Institute  and  the  Chemical  Propulsion  Agency) 
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'i.  Prcpcllnnt  manufacturers'  information  texts,  propellant  data 
brochures,  and  research  reports 

•j.  Itocketdync  and  University  of  California  at  Los  Angeles  (UCLA) 
library  references 

All  reference  data  not  on  file  at  Itockctdyne  were  ordered  from  the  original 
source  wherever  possible.  When  this  was  impractical  or  impossible, 
reprints  of  the  data  were  ordered  from  secondary  sources  such  as  ASTIA, 

UCLA,  etc.  Upon  acquisition,  all  material  was  checked  for  other  data 
references;  any  additional  sources  noted  were  ordered.  The  data  contained 
in  the  material  generated  by  this  survey  were  compiled  and  evaluated  under 
Phase  III. 
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PliASE  II:  EXPERIMENTAL  PHYSICAL  PnOPEIlTY  CILUUCTERIZATION 

OBJECTIVE 

Phase  II  vas  a  12-month  effort  directed  at  the  experimental  characterization 
of  essential  physical  properties  of  selected  propellants.  During  the  initial 
weeks  of  the  program,  a  list  of  required  physical  properties  of  a  variety  of 
propellants  related  to  immediate  Air  Force  needs  were  to  be  ranked  in  order 
of  importance.  Upon  approval  of  this  list  by  the  Air  Force  Project  Engineer, 
experimental  efforts  were  to  begin  on  those  property  determinations  ranked 
highest  in  importance;  property  determinations  of  lesser  importance  were  to 
he  undertaken  as  required. 


I1ESULTS  AND  ACCOMPLISHMENTS 

Phase  I  and  III  efforts  during  the  first  month  of  the  program  established 
an  experimental  plan  for  Phase  II  measurements.  With  concurrence  of  the 
Air  Force  Project  Engineer,  experimental  efforts  were  directed  at  measure¬ 
ments  of  thermal  conductivity,  sonic  velocity  (and  compressibility),  specific 
heat,  density  and  vapor-liquid  relationships,  inert  gas  solubility,  and 
viscosity  on  selected  propellants.  The  order  of  propellants  characterized 
is  given  in  the  Phase  III  discussion. 

Four  basic  factors  were  considered  as  primary  qualifications  in  selection 
of  the  techniques  and  apparatuses  used  in  the  experimental  determination: 

1.  The  . Jchnique  nnd  apparatus  for  each  particular  property  is 
applicable  (or  readily  adaptable)  for  use  with  a  maximum 
variety  of  propellants. 

2.  Accuracies  achieved  with  the  selected  techniques  are  consistent 
with  those  required  in  system  application  of  the  particular 
propellant. 


visncDs  bios  ms  bum c  lawim  us  nor  non 
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1.  Standard  tost  methods  are  used  wherever  possible. 

,i.  There  is  a  consideration  of  measurement  cost;  wherever  possible, 
available  apparatus  is  utilized. 

After  apparatus  and  technique  selections  were  completed,  apparatus  prepara¬ 
tion  was  initiated.  Some  of  the  desired  physical  property  measurements 
required  the  design  and  fabrication  of  new  apparatuses;  preparation  for 
other  measurements  required  only  the  calibration  of  available  apparatuses. 
Upon  completion  of  apparatus  preparation,  experimental  measurements 
were  started  with  the  propellant  of  choice;  additional  propellants  were 
characterized  as  time  permitted. 

During  the  program,  experimental  measurements  were  conducted  on  the  thermal 
conductivity  of  NoIJ/|-(CH^),)N()ll)>(50-30)  and  CILN„IL,  sonic  velocity  (anil 
compressibility)  in  IIIFNA  and  C1F-,  specific  heat  of  fll’.  and  .  and 

the  density  (and  vupor-liquid  relationships)  of  CIF^.  Inert  gas  solubility 
measurements  were  initiated  on  ClF-.und  final  as  emhly  of  an  apparatus  for 
C1F,.  viscosity  measurements  vus  ncurly  complete.  In  addition,  experimental 
duta  previously  determined  for  C1F-  specific  hep  'lief,  l)  were  corrected 
through  nppurntus  calibrations. 

The  efforts  conducted  under  each  of  these  ureus  of  study  are  described  in 
the  following  paragraphs.  Included  in  the  discussion  of  the  technical 
accomplishments  and  results  under  this  program  are  the  results  of  CIF^ 
critical  temperature  measurements  conducted  under  company- sponsored  funding. 


Thermal  fonductivity 

The  thermal  conductivity  of  two  propellants,  10  w/o  hydrazine- 10  w/o 
unsynmetrical  dimothylhydrazine  fuel  blend,  and  raonomqthylhydrazine ,  was 
measured  during  this  program.  The  apparatus  used  for  obtaining  thermal 
conductivity  data  was  a  steady-state,  concentric-cylinder  conductivity 
cell.  This  apparatus  was  in  existence  at  the  outset  of  the  current  inves¬ 
tigation.  It  was  built  by  Ilochetdyne  several  years  ago  to  measure  thermal 
conductivity  of  liquid  propellants,  and  the  construction  materials  were 
compatible  with  the  propellants  of  interest  in  this  current  effort. 
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The  cell  used  in  this  program  is  shown  schematically  in  Fig.  1  .  The  test 
fluid  is  contained  in  a  thin  annular  passage  between  two  ulitiiinuui  alloy 
cylinders.  The  annulus  is  approximately  1-inch  in  diameter,  0.020- inch 
thick,  and  5- V»“ inches  long.  The  ends  of  the  annulus  arc  sealed  with 
two  Teflon  0-rings,  which  hold  the  cylinders  concentrically  and  minimize 
the  heat  conduction  path  between  the  cylinders.  To  keep  end  effects  nt  n 
minimum,  two  thermal  barriers  fabricated  of  Teflon  are  fitted  over  the  ends 
of  the  cylinders.  The  cell  is  held  together  by  two  stainless-steel  end 
plates  which  fit  over  the  thermal  barriers. 

Six  pairs  of  coppcr-cuiistantan  thermocouples  are  imbedded  at  various 
positions  in  both  cylinders,  close  to  the  surface  of  the  cavity  containing 
the  test  fluid.  Thermocouple  wire  diameter  is  as  small  as  possible  to 
minimize  heat  losses.  An  electrical  resistance  heater,  located  in  the 
inner  cylinder,  supplies  the  heat  energy  to  establish  a  temperature  gradient 
across  the  liquid  layer.  The  temperature  of  the  outer  cylinder  is  maintained 
by  a  constant  temperature  bath. 

The  experimental  procedure  is  straight-forward  but  rather  tedious.  A  snmple 
of  the  test  fluid  is  placed  into  a  stainless-steel  loading  apparatus  (illicit 
is  attached  to  the  cell.  By  proper  manipulation  or  valves  on  the  loading 
apparatus,  the  annulus  is  first  evacuated  and  the  test  fluid  is  drawn  into 
the  cell.  The  cell  is  placed  in  a  constant-temperature  but!,  and  the  hath 
fluid  is  adjusted  to  a  preselected  and  regulated  temperature.  Electrical 
power  is  applied  to  the  cell  heater  through  use  of  n  regulated  d-c  power 
supply  until  a  temperature  gradient  of  the  desired  magnitude  is  obtained 
across  the  annulus.  Temperature  gradients  are  kept  to  about  1  F  to  minimize 
convection.  Afxer  thermal  equilibrium  is  attained,  measurements  of  heater 
voltage  and  current  are  made  through  uae  oT  a  Leeds  and  Northrup  K-> 
potentiometer  in  conjunction  with  a  precision  volt  box  and  current  shunt. 

This  instrument  is  also  used  to  measure  the  temperature  gradient  across 
the  annulus  and  the  bath  temperature. 
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The  thermal  conductivity  of  the  test  fluid  is  calculated  through  use  of 
the  equation: 


k 


Q.M 

A  AT 


where 

k  =  thermal  conductivity,  Btu/hr-ft-F 
Q  =  heat  flux,  Btu/lir 

o 

A  =  heat  transfer  area  normal  to  heat  flux,  ft“ 
AX  *  liquid  layer  thickness,  ft 
AT  =  temperature  gradient,  F 


50  Percent  Hydrazine- 10  Percent  Unsvmmetrical  Dimcthylhvdrn/ine  Fuel  Blend 
Thermal  Conductivity.  Prior  to  making  actual  thermal  conductivity  measure¬ 
ments  on  the  NoIIj-(C1L)oN,)II()(!J0-30)  fuel  blend,  a  series  of  vacuum  calibra¬ 
tions  of  the  cell  was  conducted.  These  calibrations  were  necessary  to 
account  for  cell  heat  losses  along  thermocouple  and  heater  vires  and  through 
the  ends  of  the  cylinders.  Calibrations  were  made  at  50  F  intervals  through¬ 
out  a  temperature  range  of  50  to  150  F.  Electrical  power  levels  required  to 
maintain  given  temperature  gradients  (~  1  F)  across  the  cannulas  were  measured 
at  each  operating  temperature.  These  heat  losses  ure  subtracted  from  the 
total  heat inpwr  measured  during  actual  thermal  conductivity  runs  to  obtain 
a  net  bout  input. 

Thermal  conductivity  measurements  were  made  on  the  N„H;i-(CH  J^NjIl.jLlO-IO) 
fuel  blend  over  a  nominal  temperature  range  of  50  to  505  F;  the  results  of 
these  measurements  are  presented  in  Table  1  .  The  initial  scries  of  thermal 
conductivity  measurements  were  conducted  on  a  propellant  charge  (siiraple  A) 
at  50  F  intervals  from  50  to  250  F.  Intended  measurements  at  higher  temper¬ 
atures  were  discontinued  on  this  particular  sample  because  of  u  slight 


< 
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TABLE  1 


EXPERIMENTAL  RESULTS  OF  THERMAL  CONDUCTIVITY  MEASUREMENTS  ON  THE 

N2iiJk-(cn3)2Nan2(-‘jo-5o)  fuel  biend 


Sample 

Temperature , 

F 

Thermal  Conductivity, 
Btu/hr-ft-F 

A* 

50.88 

0. 168 

A 

30.89 

0.167 

A 

100.56 

0.165 

A 

100.55 

0.162 

A 

150.71 

0.157 

A 

150.71 

0.159 

A 

200.91 

0.151 

A 

200.91 

0.152 

B* 

200.95 

0.154 

B 

200.95 

0.155 

A 

251.19 

0.146 

A 

251.19 

0.145 

n 

251.24 

0.150 

B 

251.22 

0.146 

c* 

505.14 

0.158 

c 

505.15 

0.159 

c 

505. L6 

0.141 

♦Sample  Composition:  N.,11^,  51  >2  weight  percent 

(CH3)2N2I!2,  48  .5  weight  percent 

Water  and  other  solubles,  0.5  weight  percent 
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pressure  increase  in  the  cell.  This  pressure  increase,  indicative  of 
propellant  decomposition,  was  observed  after  maintaining  the  cell  at 
250  F  overnight  (~  18  hours). 

Because  propellant  decomposition  may  have  occurred  prior  to  or  during 
measurements  at  250  F,  repeat  measurements  were  made  on  a  new  propellant 
charge  ^sample  B)  with  an  identical  sample  composition  at  temperatures  of 
200  and  250  F  for  verification  purposes.  The  data  obtained  compared 
favorably  with  the  initial  data  at  those  temperatures. 

With  the  same  propellant  charge  (sample  B),  an  unsuccessful  attempt  was 
mode  to  obtain  data  at  —  500  F.  Because  of  difficulties  encountered  in 
maintaining  proper  bath  temperature  control,  the  propellant  was  exposed 
to  the  high  temperature  (—500  F)  for  a  orolonged  period.  As  a  result, 
excessive  pressure  increases  were  again  noted  in  the  cell  at  this  point. 

A  third  propellant  charge  (sample  C)  ol  the  original  batch  was  successfully 
used  to  obtain  thermal  conductivity  data  at  505  F. 

The  data  were  curve-fitted  from  50  to  505  F  with  the  following  equation: 

k(Btu/hr-ft  F)  =  0,171  *  <>,V>  x  10  T(F)  "  1,25  x  10  7  T(p) 

The  multiple  error  of  estimate  of  the  least  square  curve-fit  is  0.001.  A 
graphical  representation  of  the  data  is  shown  in  Fig.  2. 

Chemical  analysis  of  the  fuel  blend  batch  used  in  all  three  samples  indicated 
the  following  composition: 

N0II;(  -  51.2  weight  percent 

(CH5)2N2n2  *  48  .5  weight  percent 

HgO  plus  other  soluble  impurities  -  0.5  weight  percent 
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100  150  200  250  300  350 

TEMPERATURE,  F 

Figure  2.  Thermal  Conductivity  of  _  (Cll^jy^,  (50-50)  Fuel  Dlend 
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Tliis  propellant  composition  is  within  the  limits  of  the  present  military 
specification  (Mi  1- P-i27'*Ol> )  for  the  N.,11, ,(30-30  )  Tucl  blend  and 
represents  a  typical  propellant  grade  sample. 


Monomcthvlhvdrazine  Thermal  Conductivity.  Subsequent  to  completing 
measurements  on  "30-30)  fuel  blend,  the  thermal  conductivity 

of  propel lant-grade  raonomethylhydra/.inc  (C1LN0II_)  was  measured  over  a 
nominal  temperature  range  of  -30  to  303  F.  The  results  of  these  measurements 
are  listed  in  Table  2  •  Although  the  some  apparatus  and  experimental  tech¬ 
nique  were  employed,  additional  preparations  were  necessary  prior  to  conducting 
actual  conductivity  measurements. 

Because  of  the  lower  temperature  limit  of  interest,  effort  was  required  in 
application  and  operational  testing  of  a  refrigeration  system  capable  of 
cooling  the  conductivity  cell  to  about  -30  F.  Successful  cooling  system 
checkouts  were  followed  by  additional  vacuum  calibrations  of  the  cell  at 
-30  F  and  0  F.  Vacuum  calibrations  of  the  cell  at  higher  temperatures 
(30  to  330  F)  were  completed  prior  to  measurements  on  the  30-30  fuel  blend. 

In  calibration  of  the  apparatus  at  the  lower  temperatures,  one  thermocouple 
in  the  cell  failed  to  function  normally;  however,  satisfactory  measurements 
were  obtained  with  eleven  thermocouples. 

Vacuum  calibrations  were  followed  by  thermal  conductivity  determinations 
on  C1LN,,H^  (sample  A)  at  approximately  -30  and  0  F.  During  measurements 
at  0  F,  very  erratic  thermocouple  voltage  output  signals  were  observed. 
Measurements  were  terminated  and  the  cell  was  disassembled. 

In  analysis  of  the  cause  of  the  erratic  signals,  it  was  found  that  a  small 
quantity  of  propellant  had  leaked  past  the  Teflon  seals.  Seal  failure  was 
probably  caused  by  the  repeated  temperature  cycling  of  the  cell  and  the 
cold-flow  property  that  Teflon  exhibits}  The  propellant  enme  into  contact 
with  the  cell  aluminum  inner  cylinder  end  face  and  the  electrical  heater 
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EXPERIMENTAL  RESULTS  OF  THERMAL  CONDUCTIVITY 
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TABLE  2 
(Concluded) 


Sample 

Temperature, 

F 

Thermal  Conductivity, 
Btu/hr-ft-F 

B 

304.89 

0.103** 

B 

0.104** 

C 

304.97 

0.110 

C 

304.98 

0.108 

D 

■ms 

0.110 

D 

mam 

0.107 

♦Sample  Composition:  CH^NgH^  -  99*2  weight  percent 

Ho0  -  0.7  weight  percent 

4a 

Nll^  -  0.1  weight  percent 

Other  soluble  impurities,  -  Trace 
♦♦Data  discarded;  explanation  contained  in  text 
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leads  located  in  the  smile  area.  Electrical  continuity  mis  established 
between  the  two  components,  and  resulted  in  erratic  thermocouple  voltage 
signals  because  the  thermocouples  were  in  electrical  contact  with  the 
inner  cylinder. 

Tne  heater  leads  were  insulated  with  an  epoxy  coating  and  the  cell  was 
reassembled  with  new  seals.  Because  the  cell  underwent  major  repairs, 
additional  vacuum  calibrations  of  the  cell  were  made  over  the  temperature 
range  0  to  "00  F  at  50  F  intervals.  Calibrations  of  the  cell  nt  -10  F 
were  not  repeated  because  of  the  inability  of  the  cell  to  maintain  a  good 
vacuum  at  this  low  temperature. 

Results  of  thermal  conductivity  measurements  on  CJLN.JI-  at  about  -10  F 
were  discarded  because  of  ai.  obvious  discrepancy  in  the  data  (Table  2). 

This  discrepancy  was  attributed  to  the  previously  described  cell  diffi¬ 
culties,  which  were  observed  during  measurements  on  sample  A  nt  0  F.  These 
cell  problems  had  probahly  occurred  previously,  but  were  not  readily 
observable  during  the  -30  F  measurements. 

Using  a  second  charge  of  propellant  (sample  B),  measurements  were  mnde  over 
the  temperature  range  extending  from  0  to  105  F  at  about  50  F  intervals. 

The  values  obtained  from  sample  B  nt  200,  250,  and  101  F  appeared  low; 
therefore  a  third  propellant  charge  (sample  c)  was  placed  in  the  cell  and 
data  were  obtained  at  about  100,  150,  200,  250  and  505  F.  Tin*  values 
obtained  with  sample  C  nt  200,  250,  and  10"  F  were  considerably  higher  than 
those  obtained  with  sample  B.  To  resolve  this  discrepancy  in  the  data, 
additional  data  were  obtained  at  200,  250,  and  105  F  using  sample  D:  the 
data  agreed  favorably  with  the  data  obtained  with  sample  C.  On  this  basis, 
the  200,  250,  and  >05  F  data  points  obtained  with  sample  B  in  the  cell  wore 
discarded.  N'o  explanation  can  be  given  for  the  lew  values,  other  than 
possible  effects  caused  by  gas  bubbles  in  the  propellant  annulus  (indicating 
propellant  decomposition). 
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The  valid  data  were  curve-fitted  from  0  to  105  F.  The  equation  which 
represents  the  data  is: 

k(Dtu/hr-ft-F)  3  °*1',r>  “  U61  x  10‘\)  *  *  10’'  T(F) 

Tlie  multiple  error  of  estimate  of  the  least  squares  curve-fit  is  0.0026, 

A  graphical  representation  of  the  data  is  shown  in  Fig,  3, 

Chemical  analysis  of  the  propellant  hatch  used  in  all  measurements  indicated 
the  following  composition: 

C1LM01I_  -  99.2  weight  percent 

II, ,0  -  0.7  weight  percent 

ML  -  0.1  weight  percent 

Other  soluble  impurities  -  Trace 

This  propellant  composition  is  within  the  limits  of  the  present  military 
specification  (Mil-P-27404)  und  represents  a  topical  propellant-grnde 
sample. 


Sonic  Velocity (and  Adiabatic 
Compressibility)  Measuranents 

Measurements  of  sonic  velocity  in  inhibited  red  fuming  nitric  acid  (IHFNA) 
and  in  chlorine  pentafluoride  (CIF_)  were  conducted  with  the  apparatus 
illustrated  in  Fig.  4. 

An  interferometer,  capable  of  withstanding  pressures  to  1000  psia  and 
temperatures  to  200  F,  was  designed  and  fabricated  under  liocketdyne  funding. 
It  is  constructed  of  type  "47  stainless  steel,  which  is  compatible  with 
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Figure*  4  .  Sonic  Velocity  Apparatus 
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most  propellants  of  interest.  The  interferometer  is  used  to  measure 
the  distance  which  sound  waves  of  a  known  frequency  traverse  the  test 
fluid.  The  dial  gage  serves  a  dual  function:  ( 1 )  it  provides  precise 
linear  location  data,  and  (2)  it  enables  differentiation  between  the 
reflected  signal  (and  its  harmonics)  and  reflenions  from  the  metallic 
interferometer  body*  Displayed  pips,  from  true  reflections,  move  on  the 
oscilloscope  ns  the  reflector  is  moved.  The  spurious  signals  remain 
stationary. 

Associated  electronic  equipment  consists  of  n  Sparry  type  H*  style  1011021 

lief lectoscope  and  n  Tcektronie  model  111  osci 1 lo  .cope.  The  refleetoseopc 

contains  a  7-megacycle  pulse-modulated  radio  frequency  source  and  a  video 

amplifier.  A  7-megacycle  radio  frequency  signal  is  fed  simultaneously 

to  the  oscilloscope  and  a  quart/  piezoelectric  crystal  ( 1-megacyc 1 e 

resonant  frequency)  attached  to  the  bottom  of  the  interfercometer.  The 

sound  waves,  emanating  Trotn  the  crystal,  trnvel  through  the  bottom  of  the 

interferometer,  through  a  known  distance  of  test  liquid  to  a  reflector. 

and  then  hack  to  the  crystal.  The  initial  and  reflected  waves  are  displayed 

* 

on  the  oscilloscope,  thu3  allowing  measurement  of  the  time  required  for  the 
ultrasonic  waves  to  traverse  the  known  distance  of  test  fluid. 

The  sonic  velocity  apparatus  was  calibrated  over  a  temperature  range  of 

()  C  (12  F)  to  7>t  C  (l<>!  F)  at  pressures  of  l’t.7,  !>00,  and  1000  psia,  using 

« 

distilled  water  as  the  test  fluid.  The  interferometer,  filled  with  test 
fluid,  was  immersed  in  a  constant  temperature  hath  and  allowed  to  reach 
thermal  equilibrium  at  various  temperature  levels.  The  equilibrium  tem¬ 
perature  was  then  measured  using  a  chrome] -a  1  tune  1  thermocouple  with  a 
lib  stainless-steel  sheath  immersed  in  the  test  fluid.  The  data  obtained 
from  sonic  velocity  measurements  in  water  with  this  apparatus  were  compared 
with  literature  values  (Her.  2  andl);  agreement  was  within  1.5  percent  with 
a  precision  of  <  l  percent. 
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As  a  demonstration  and  initial  checkout  of  the  corrosion-resistance 
features  of  the  apparatus,  the  velocity  of  sound  (lViO  m/sec)  was 
measured  in  a  30  weight  percent  aqueous  I  IF  solution  at  23  C  (77  F).  No 
malfunction  or  damage  of  the  apparatus  was  observed. 


Sonic  Velocity  (and  Compressibility)  of  IRFN'\.  \s  an  additional  checkout 
of  the  apparatus,  sonic  velocity  measurements  were  conducted  in  propellant- 
grade  (Mi 1-P-723AE,  Type  fTI  \)  IRFN'A  at  saturated  liquid  conditions  over 
a  temperature  range  of  3.(>  C  (“•)  F)  to  2b. 3  C  (80  F) .  The  results  of 
these  measurements  are  shown  in  Table  3  and  Fig.  3*. 


From  these  data,  die  adiabatic  compressibilities  were  calculated  using 
the  relationship: 


where 

P  *  adiabatic  compressibility 

O  -  density 

c  =  velocity  of  sound  in  liquid 

Tile  resulting  data  are  also  presented  in  Table  3  and  Fig.  3« 


Sonic  Velocity  (and  Compressibility)  of  flilornie  I’cntaf  luoride.  The 
velocity  ef  sound  was  measured  in  liquid  C1F_  under  saturated  conditions 
over  a  temperature  range  of  0  C  \32  F)  to  73. ’t  C  (lb’i  F) .  The  results 
of  these  measurements  and  related  adiabatic  compressibilities  .ire  -dinwn 
in  Table  3. 
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EXPERIMENTAL  SONIC  VELOCITY  DATA  FOR  LIQUID  C1F.  AND  IRFNA* 


Sample 

Temperature 

Sonic  Velocity, 

m/sec 

Compressibility. 

j.si"1 

C 

F 

IRFNA 

".00 

59.02 

1A28  ±0. 

5  $ 

2.15A  x  10 

-6 

8.  AO 

A7.12 

1A06 

2.212 

■ 

59.27 

1560 

2.560 

60. 8  A 

1561 

2.581 

20.20 

79.16 

1522 

2.550 

26.50 

79.70 

1517 

2.572 

<’1I’_ 

0.00 

O 

O 

• 

CJ 

712.0 

7.317 

8.20 

A  6 .76 

675.6 

8.290 

15-125 

59.  A5 

655.  A 

9.AA1 

26.10 

78.98 

576.0 

11.73 

>2.05 

89.69 

5A5.0 

13.27 

A  A.  56 

112.21 

501.8 

16.10 

• 

• 5A . 65 

150.57 

A72-5 

18.61 

66.68 

152.02 

A  A  1.7 

22.  OA 

75. AO 

16A.12 

■  ■ 

A25.0  ▼ 

2A.31  " 

*IRFNA  composition  moots  requirements  of  propellant  specification 
MILr-P-7— !5'*K ,  Type  III  A 
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These  experimental  data  ucro  curve-fitted  l»y  a  least  squares  computer 
program,  which  yielded  the  lot  lowing  equations: 

c,  /  'i.IO'i  x  10 ’  -  L»  \  K)1  T/,.\  +  1>.<)3'.  v  l(f~  T7„v 
(n/sec)  (l)  (T) 

/J  /  .-1\  =  3.331  x  101  -  'i.0‘>0  x  10" 1  T/m  +  1.181  x  10'1  T?„x 

s(l»si  )  (C)  (C) 

The  multiple  errors  of  estimate  for  the  sonic  velocity  nnd  adiabatic  com¬ 
pressibility  curve-fits  are  0.0  percent  nnd  0.0  percent,  respectively. 

The  curve- fitted  data  are  represented  graphically  in  Fig.  0. 

Sonic  velocity  data  were  also  obtained  at  300  psia  (ON,,  pres'niri/ntion) 
over  an  identical  temperature  range.  \s  expected,  the  values  obtained  were 
higher  than  those  obtained  at  ambient  pressure.  However,  corrected  values 
could  not  be  obtained  because  of  erratic  behavior  of  the  ref lectoscopc 
during  additional  and  more  extensive  water  calibrations  at  100  psia. 

The  malfunction  of  the  reflectoscope ,  which  was  traced  to  n  number  of 
defective  tubes,  precluded  measurements  of  sonic  velocities  at  higher 
pressures  and  at  lower  temperatures  during  the  present  program.  After 
replacement  of  the  tubes  and  apparatus  checkout ,  preliminary  reeal ibrnt.ion 
of  the  apparatus  at  1^.7,  300,  and  1000  psia,  over  a  temperature  range  of 
3  to  (>0  C  yielded  a  calibration  curve  with  a  precision  of  i0.3  percent. 

Posttest  chemical  analysis  of  the  C 1 F_  sample  will  he  conducted  at  the 
conclusion  of  the  ('IF-  sonic  velocity  measurements.  The  pretest  analysis 
indicated  a  C1F-  purity  O')  weight  percent. 


Spec i fir  Heat  Measurements 

lAperimcntnl  determination  of  propellant  specific  heats  were  conducted  in 
an  udinhatic  calorimeter  developed  previously  under  Con  tract  AF0'i(til  1  )-')3b3 
(ilef.  i  ),  The  calorimeter  apparatus  consists  of  four  concentric  cylindrical 
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containers.  The  two  outer  containers  are  similar  in  construction  to  a 
Dewar  vessel  with  provision  for  evacuation  when  desired:  the  two  inner 
containers  are  the  calorimeter  and  a  surround ing  shield,  both  of  which 
arc  electrically  heated.  The  calorimeter  was  initially  constructed  of 
copper  because  of  this  material's  good  thermal  properties  and  compatibility 
with  interhalogens.  It  requires  only  one  change  for  measurement  of  addi¬ 
tional  liquids.  A  new  sample  fluid  container  (the  calorimeter)  is  fabricated 
and  calibrated  for  each  scries  o»  measurements.  During  specific  heat  mea¬ 
surements  on  raonomethylhydrazine ,  results  of  compatibility  studies  led  to 
the  construction  if  a  sample  container  from  an  aluminum  alloy  ((>061 ). 

A  filling  tube  with  an  inside  diameter  of  about  1  millimeter  extends  from 
one  end  of  the  calorimeter  apparatus,  and  fins  of  thin  copper  or  aluminum 
sheet,  as  required,  are  fitted  inside  the  apparatus  to  aid  in  establishing 
thermal  equilibrium.  The  calorimeter  is  noiunagnetical ly  wound  with  No.  10 
Il&S  gage  constuntan  wire  which  serves  as  the  heater.  The  windings  are  coated 
with  glyptal,  then  covered  with  copper  foil  to  reduce  the  hont  leak  from 
radiation.  The  shield  is  wound  in  the  same  manner  ns  the  calorimeter  with 
No.  2’i  R  &  S  gage  constnntnn.  The  electrical  leads  are  extended  from 
calorimeter  through  a  hermetically  sealed  bulkhead  fitting.  A  ropper- 
constantnn  thermocouple  is  used  for  measuring  the  temperature  rise  of  the 
calorimeter.  The  thermocouple  lends  are  extended  through  a  Kovar- to-Pyrex 
seal  and  sealed  to  the  glass  with  Pyseal  to  avoid  any  unnecessary  .junctions. 
The  temperature  of  the  shield  is  manually  controlled  to  follow  that  of  the 
calorimeter. 

The  electrical  circuit  for  energy  supply  and  thermocouple  measurements 
(Fig.  7  )  consists  of  the  following:  (l)  a  K-1  potentiometer  for  energy 
measurement,  (2)  a  second  lw-1  potentiometer  Tor  thermocouple  readings, 

(")  n  d-c  microvolt  amplifier  and  a  recorder  which,  when  used  in  conjunction 
with  the  K->  potentiometer  gives  a  plot  of  temperature  (emf  I  vs  time,  are  . 
used  to  determine  the  temperature  rise  of  the  calorimeter,  and  (*i)  a  second 
amplifier  which,  when  used  in  conjunction  with  a  differential  thermocouple 
between  the  shield  and  the  calorimeter,  indicates  the  temperature  differential 
between  the  two  surfaces. 
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End  or  normal  conditions,  when  measurements  are  being  made,  the  entire 
spare  between  the  calorimeter  and  outer  case  is  under  high  vacuum 
(pressure  <  10“ mm  II").  Appreciable  desorption  of  gas  during  an  experi¬ 
ment  can  result  in  a  spuriously  high  vulue  for  the  specific  heat;  tnereforc, 
it  is  necessary  that  the  apparatus  initially  be  thoroughly  degassed.  This 
was  accompl islied  by  surrounding  the  apparatus  with  a  water  bath  held  at 
about  TO  0  and  pumping  for  2  days.  Cooling  below  ambient  temperature  was 
impractical  Iv  slow  (if  dependent  on  radiation  trnnsfer  alone);  therefore, 
helium  at  a  few  microns  pressure  was  introduced  into  the  calorimeter  system 
to  act  as  the  heat  transfer  medium.  When  the  desired  temperature  was 
obtained,  the  system  was  again  evacuated. 

The  copper-constantnn  thermocouple  used  to  measure  the  temperature  rise  of 
the  calorimeter  (following  the  input  of  a  known  amount  of  electrical  energy' 
was  calibrated  at  the  temperatures  of  freezing  CHC1_,  freezing  CC1,(,  and 
boiling  ethanol  (reference  junction  at  0  C).  The  values  obtnined  were  com¬ 
pared  with  those  in  the  NBS  circular  ;6l  (lief.  4  ),  which  contains  reference 
tables  for  thermocouples,  and  a  plot  of  electromotive  force  vs  temperature 
was  mode. 

The  amount  of  electrical  energy  added  to  the  calorimeter  was  calculated  from 
the  equation: 


II  =  i2Itt 


where 

11 

*  electrical  energy,  joules 

i 

*  current 

R 

=.  E/'i 

t 

»  time,  seconds 
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The  specific  hent  (f  )  was  then  derived  from  the  measured  change  in 
tempernture  caused  hy  this  addition  of  electricul  energy: 

Cs  =  <  <“/*  T)sample  "  V'  wt  ■’“"‘P11- 


where 

AT  =  temperature  rise  (c)  determined  from  a  plot  of  temperature 
vs  time  by  extrapolating  to  the  midpoint  of  the  heating 
r  curve 

II  *  colorimeter  constant 
c 

Apparatus  Calibration#  The  specific  heat  data  obtained  from  measurements 
on  chlorine  trifluoride  and  raonomethylhydra/inc  indicated  tliut  the  calorimeter 
system  was  giving  high  results  (in  comparison  to  those  from  earlier  experimental 
efforts  hy  others  at  lower  temperatures).  Kor  this  reason,  the  electrieni 
circuit  was  thoroughly  rechecked  and  measurements  were  mode  on  a  liquid  whose 
heat  capacity  is  accurately  known  over  the  temperature  range  of  interest. 

A  copper  calorimeter  was  constructed,  wound  with  resistance  wire,  and  cali¬ 
brated  (empty)  at  temperatures  from  0  to  80  C.  This  is  the  same  procedure 
used  for  the  measurements  on  C1F_  and  CILN’IL. 

i  ■>  2  i 

The  calorimeter  was  then  filled  in  a  dry  box  with  7-— H  grams  of  speetrograde 
methanol  wiiosc  water  content  was  found  to  he  0.08  percent  by  a  Karl  Fisher 
analysis  and  confirmed  by  tlie  determination  of  the  criticul  solution  tem¬ 
perature  of  a  2:1  mixture  of  n-hexanc  and  methanol.  Pntn  obtained  front 
specific  heat  measurements  on  methanol  over  u  temperature  range  of  0  to  'iO  C 
were  somewhat  high  vrhen  compared  with  the  previously  reported  values  at 
comparahlo  temperatures  (peT.  •>). 

Further  investigation  revealed  thnt  when  the  two  amplifiers  in  the  svstem 
were  interconnected,  one  amplifier  would  load  the  other,  cause  an  error  in 
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the  emf  rending,  and  iin  error  in  the  omf  vs  time  curve  was  recorded. 

One  amplifier  is  used  to  monitor  the  temperature  differentinl  between 
the  calorimeter  and  the  shield.  The  second  amplifier  amplifies  output  of 
the  thermocouple  which  measures  the  temperature  rise  of  the  calorimeter; 
this  amplified  signal  is  then  fed  into  a  recorder  from  which  the  emf  vs 
time  curve  is  obtained.  Thus,  the  thermocouple  connections  to  the  calor¬ 
imeter  allow  the  amplifiers  to  interact.  This  error,  which  was  linear  over 
the  emf  range  and  did  not  change  with  temperature,  resulted  in  an  11  percent 
correction  to  AT.  The  voltage  rending  was  also  found  to  ’>o  in  error  by 
10  to  11  percent. 

Corrections  to  the  experimental  methanol  data  resulted  in  values  within 
1  percent  of  the  reported  values.  The  corrections  for  these  errors  were 
also  applied  to  the  experimental  C1F_  and  CILN(>IJ,  data.  Suitable  modifi¬ 
cations  are  being  made  in  the  calorimeter  system  to  eliminate  suc.i  errors 
in  the  future. 


Specific  Heat  of  Chlorine  Trifluoride.  The  specific  heat  or  C1F_  was  mea¬ 
sured  over  a  temperature  range  of  -10  (l'i  F)  to  70  C  (l;8  F).  These  data 
extended  existing  C1F_  specific  heat  data  (lief.  <»  )  over  a  wider  temperature 
range. 

After  obtaining  a  vacuum  <  1  x  10  1  two  lig  in  the  calorimeter  system,  cali¬ 
bration  measurements  on  t he  empty  calorimeter  were  made  from  about  0  to  70  C. 
After  passivation,  11. <>2  grams  of  propel lant-grade  C1F.  was  condensed  into 
the  calorimeter  from  a  va>  T'jn  line,  and  the  filling  tube  was  crimped  and 
sealed  with  soft  solder.  The  results  are  reported  as  C  ,  which  is  the 
specific  heat  of  a  liquid  under  its  own  vnpor  pressure,  since  neither  the 
volume  nor  the  pressure  was  held  constiuit.  In  the  measurement  of  the  liquid 
specific  heat  at  saturated  conditions,  a  two-phnse  system  is  present  in  the 
calorimeter.  If  the  quantity  of  vnpor,  which  changes  in  volume  (and  density) 
ns  the  temperature  is  changed,  is  significant,  it  is  necessary  to  apply  a 
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vapor  correction  to  the  specific  heat  data.  The  size  of  this  correction 
varies  with  the  degree  of  filling  of  the  calorimeter.  Treating  the 
problem  from  an  entropy  standpoint,  the  corrected  specific  heat  can  be 
calculated  from  the  following  equations: 

c,  ■  Du  -  t  ©  ]  t* 

and 

S'  "g  <*•»•,>. 

vhere 


S'  *  excess  entropy  of  a  system,  as  compared  with  the  same  mass 
of  saturated  condensed  phase 

T  «  absolute  temperature  of  calorimeter  and  contents 

M  *  mass  of  material  contained  in  calorimeter 

V  «  volume  of  the  calorimeter 

V,  “  volume  per  unit  mass  of  condense!  phase 

P  «  pressure  (equal  to  vapor  pressure  of  material  at  temperature  T) 

j 

A  vapor  correction  was  applied  to  the  CIF^  data  because  the  volume  of  the 
vapor  phase  was  significant. (The  size  of  the  correction  ranged  up  to 
2  percent  of  the  specific  heat  nt  70  C.)  The  corrected  experimental  data 
are  given  in  Table  .  These  data  also  include  all  corrections  resulting 
Trom  the  methanol  l&librations.  In  addition,  a  correction  of  0.7  percent 
was  applied  to  the  observed  current  to  account  for  that  portion  of  current 
which  passed  through  the  volt  box  (Fig.  7  )•  This  correction  was  calculated 
from  the  relationship: 


I  i  ♦ 
calc. 


^alc.  * 


11250  ohms 
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TAIHE  f, 

EXPERIMENTAL  SPECIFIC  HEAT  DATA  FOR  C1F_* 

■> 


Average  Temperature , 
C 

Csot’  cal/*-C 

Average  Tempernttire , 
<; 

^Csnt’  cnl/s_c 

-0.8 

0.2V) 

28. '1 

0.282 

-'i.8 

0.211 

10.0 

0.28'i 

0.2 

0.218 

70.7 

0.288 

l.'i 

0.202 

*iO.0 

0.201 

10.  *. 

0.200 

h  0.8 

0.207 

11.1 

0.272 

70.  » 

0.200 

13.0 

0.27" 

30.7 

0.200 

18. (» 

0.271 

77.7 

0.702 

20.7 

0.271 

00.0 

0.707 

27.2 

0.270 

07. 7 

0.710 

70.0 

0.71*1 

♦Sample  composition  (after  measurements):  C1F_,  00.8+  weight  percent; 

Ft),  <  0.0 1  weight  perrent: 
C1F,  *'0. 01  weight  percent; 
Cl,,,  <  0.01  weight  percent: 
CiO(),  ^  O.Oj  weight  percent 
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Tin*  accuracy,  determined  by  estimating  (l)  the  effect  of  errors  introduced 
from  measurement  of  time  and  temperature,  and  (ll)  errors  resulting  from 
the  large  corrections  that  had  to  he  made  to  the  voltage  and  £  T  values, 
is  about  percent.  The  precision  is  about  0.5  percent.  By  curve-fit 
of  the  experimental  specific  heat  data,  the  following  mathematical  ex¬ 
pression  for  the  relationship  between  specific  heat  und  temperature  was 
obtained : 


C 


(cal.  gm-K) 


-0.80',<»  +  0.0815  x  10_" 


0.2881  x 


+ 


0.5050 


Agreement  between  the  experimental  curve  and  the  calciiluted  values  is  better 
than  O.’t  percent.  The  graphical  presentation  of  the  curve-fitted  data  and 
representative  experimental  points  is  shown  in  Fig.  8  .  The  speeifir  heat 
values  obtained  are  somewhat  lower  than  extrapolation  of  the  values  reported 
previously  (Ref.  6  )  at  lower  temperatures.  Differences  in  the  slopes  of 
the  plot  of  vs  temperature  vary  by  a  factor  of  5  to  ’i.  The  difference 
in  these  data  cannot  he  explained  because  absolute  measurements  of  energy 
> "re  made  in  both  studies. 

Chemical  analysis  of  the  C1F-  sample  used  in  the  specific  beat  measurements 
indicated  the  following  composition: 

x 


C1F- 

> 

-  00.8  weight 

percent 

F2 

-  •'  0.05 

we  i  gilt 

percent 

C1F 

-  "  0.05 

weight 

percent 

ci2 

-  *•*  0.01 

weight 

percent 

CIO., 

-  <  0.05 

weight 

percent 
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Specific  Heat  of  Monomethylliydrazine.  Specific  heat  measurements  were 
completed  on  CILjN0II^  over  the  temperature  range  of  about  20  C  (b8  F)  to 
120  C  (248  F).  These  data  extend  the  existing  CHy\()IU  specific  heat 
values  reported  by  Asten,  Fink,  <Tanz,  and  Russell  (Ref.  7  ).  The  latter 
reported  heat  capacity  values  for  CILN^H,  from  15K  (-433  F)  to  298.16  K  (77  F). 

The  entire  calorimeter  system  was  evacuated.  After  outgassing,  a  vacuum  in 
-9  -6 

the  10  to  10  ran  Hg  range  was  maintained  while  the  calorimeter  was 
calibrated  from  ~  25  to  120  C.  Recause  of  the  low  mass  of  the  aluminum 
calorimeter,  the  energy  input  period  (to  cause  a  temperature  rise  of  1  C 
in  the  empty  calorimeter)  was  less  than  40  seconds.  This  low  heating  period 
results  in  an  appreciable  error  in  the  time  measurement;  therefore,  sufficient 
resistance  was  added  in  the  electrical  circuit  (for  heat  input)  to  increase 
the  heating  period  to  about  79  seconds. 

The  C1LN0II_  (7.85  grams)  was  loaded  into  the  calorimeter  in  a  dry  box,  and 

7  «■  7 

the  filling  tube  was  crimped  and  sealed  with  solder.  Because  of  the  diffi¬ 
culties  involved  in  soldering  aluminum,  a  special  solder  and  flux  were  used 
and  the  tube  was  soldered  in  the  nitrogen  atmosphere  of  the  dry  box.  Although 
it  w'as  assumed  that  crimping  the  filling  tube  sealed  the  calorimeter,  the  tip 
was  soldered  as  on  added  precaution  aguinst  leaks. 

The  corrected  results  from  the  ClLjN0IL  specific  heat  measurements  are 
reported  in  Table  5*  Since  the  volume  of  the  vapor  phase  was  small  it  was 
not  necessary  to  apply  the  vapor  correction.  However,  the  current,  voltage, 
and  A  T  corrections  were  made  in  the  some  manner  as  for  CIF^.  The  accuracy 
of  these  data  is  estimated  to  be  about  ±3  percent.  This  was  determined 
largely  from  the  estimated  accurucy  with  which  corrections  could  be  applied 
to  the  voltage  and  AT  readings.  The  precision  is  much  better. 

The  data  were  curve- fitted  and  the  following  mathematical  expression  for  the 
relationship  between  specific  heat  und  temperature  was  obtained: 

Cs<c.l/>-K)  ■  *  O'11’2  *  T(k)-°-25«3  *  lO'4  *(,0  * 

0.2648  x  10-7 
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TABLE  5 


SPECIFIC  HEAT  DATA  FOR  ClL.VJL* 

>  -  ) 
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The  agreement  between  the  experimental  and  curve-fitted  values  (multiple 
error  of  estimate),  which  is  greater  than  0.8  percent,  it  shown  in  Fig.  0. 

Chemical  analysis  of  the  fll_\ltIL  sample  indicated  a  composition  of: 

CILN.JL  -  00. b  weight  percent. 

Monomothylnmino  -  0. I  weight  percent 

NIL  -  trace 

y 

Other  soluble  impurities  -  O.'J  weight  percent 


Specific  Heat  of  CIK3.  The  specific  heat  values  previously  obtained  and 
reported  for  1'1F_  under  contract  AFO^i (oil (lief.  1),  were  corrected 
as  a  result  of  the  methanol  calibrations  for  a  -  10  percent  error  in  the 
voltage  reading  and  a  0,7  percent  error  in  the  current  reading.  The  A  T 
values  obtained  during  these  previous  measurements  on  CIF_  were  not  in 
error  sinre  only  one  amplifier  was  used  in  the  earlier  measurement  eireuit. 


Tlie  corrected  values  oT  for  C1F_  are  reported  in  Table  <*  .  The  accuracy 

of  the  data  is  estimated  to  be  about  percent.  A  curve  fit  of  the  ex¬ 

perimental  data  gives  the  following  expression: 


'  s(cnl,  gm-K) 


=  1.0M7  -  0,0"1!!»  x  10““  +  O.n'H  .x  10  T 


‘(K) 


-O.'r.OO  x  10“' 


This  curve-fit  and  representative  experimental  points  were  shown  in  1  ig.  10 
Agreement  between  the  experimental  and  calculated  values  is  better  than 
O.-j  percent 
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TAULH  (» 

SPECIFIC  MEAT  OF  C1F_* 
> 


Run 

No. 

Average 
Temperature , 

C 

Cs,  cnl/gm-K 

la 

6.92 

0.292 

9.08 

0.293 

11.67 

0.295 

14.84 

0.296 

18.01 

0.296 

21.07 

0.298 

23.91 

0.298 

27.64 

0.300 

29-39 

0.301 

\ 

51.85 

0.302 

lb 

4.76 

0.291 

7.46 

0.292 

10.16 

0.294 

12.82 

0.295 

15.56 

0.296 

17.65 

0.297 

20.57 

0.298 

25.10 

0.298 

25.79- 

0.300 

28.53 

0.301 

31.05 

0.302 

33.70 

0.303 

36.54 

0.304- 

42.53 

0.306 

1 

44.99 

0.307 

\ 

f 

47.66 

0.308 

*Sumplc  compos’ t ion:  Pretest,  >  99  weight  percent  ClFr,  <  0.05  weight 
percent  F„,  <  0.05  weight  percent  C1F,  0.5  weight  percent  CIF3, 

0.5  weight“pcrccnt  HF;  Posttest,  >  90  weight  percent  CIF^,  0.5  weight 
percent  0«j.  <  0,5  weight  percent  CIF-^,  ^  0.1  weight  percent  SF(}, 

6,1  weight  percent  Fo  +  <’F;,  +  N-j  (No  contiimination  occurred  during 
transfer  for  analysis.) 
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(Conr  1  tuh't! ) 


CONFIDENTIAL 


CONFIDENTIAL 


AFRPL-TH-66-122 


H-W9/1V0  '1V3H  0UI03dS 


/ 


CONFIDENTIAL 


llc.it  of  (li  I  or  iiic  IVal.if  lunriilo 


CONFIDENTIAL 


ATRi’L-TIWjfj-lL'L' 


Pen-Mtv  .iikI  V.-iDOi'-f-igtinI  llol  at  i  onsli  i  n  Measurements 

The  sal  urat  <'il  li<|iiiil  deii«it\  o  I'  flF_  was  measured  over  a  temperature 
r.uige  of  0  ('  ( "y  I')  ra  17?  t"  (T>1  F)  using  the  variable  volume  apparatus 
illustrated  in  Fig.  11.  These  data  extend  the  existing  data  of  HonKs  and 
lludgo  (Her.  8  )  to  t!  to  critical  temperature.  Tlie  apparatus,  described 
by  Poole  and  Xvberg  (lief.  0  ).  is  constructed  entirely  of  >IM)  series 
stainless  steel  and  is  capable  of  withstanding  pressutes  up  to  1 ”00  psi, 
well  in  excess  of  the  critical  pressure  of  C I F_ .  The  variable  volume 
capability  provided  by  the  stainless-steel  bellows  permits  density  meas¬ 
urements  over  a  range  of  temperatures  without  r 'loading. 

Tito  densimeter  operates  on  the  principle  that  a  sudden  rise  in  pressure 
will  he  sensed  by  the  triuisducer  and  that  upon  mechanical  reduction  of 
the  volume  of  the  ervitv  containing  the  liquid  <’1F.  in  etpti  1  ihrium  with 
its  vapor,  all  vapor  is  forced  to  condense.  The  volume  of  the  contained 
liquid  at  this  point  is  indicated  by  the  micrometer  attached  to  the  bellows, 
because  the  weight  of  contained  liquid  is  known  and  the  \olume  is  known  by 
prior  calibration  of  the  micrometer  with  degassed  water,  the  density  ran 
be  calculated. 

After  condensing  a  known  amount  of  CIF^  into  the  evacuated  sample  cavity, 
tlie  densimeter  was  placed  in  a  constant-temperature  environment  and  allowed 
to  reach  thermal  equilibrium  at  selected  and  regulated  temperatures.  The 
constant-temperature  environment  of  the  apparatus  was  maintained  hv  placing 
it  in  a  Fisher  Isotemp  oven  (thermostnted  to  tO.1)  C  of  any  desired  set 
point). 

1'pon  attaining  thermal  equilibrium,  a  slight  pressure  was  applied  to  the 
hack  of  the  hollows  with  gaseous  nitrogen.  The  bellows  was  expanded  by 
turning  the  micrometer  knob  until  a  rapid  rise  in  pressure  was  observed 
by  tlie  pressure  transducer  readout  system.  This  indicated  that  ..11  (’1F_ 
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vapor  liail  been  condensed  anil  that  the  volume  of  the  sample  nivih  at  that 
point  represented  the  volume  occupied  by  liipitil  <  *  1 1 .  lhe  bellows  was 
rontracteil  anti  the  proceilure  repeated  several  tiir"s  at  each  tempera  lure 
le\el.  Tile  volume  of  the  sample  cavity  was  ,|icer  t  a  i  :ted  h_\  f**  1 .1 1  i  Mir  tie 
rnieroneter  setting  to  the  fit  I  ihr.  t  i  on  •  r  >  p*i .  Ml  apparatus  manipulations 
wore  made  remotely  without  opening  the  oven. 

The  temperature  and  pressure  readout  equipment,  illicit  was  used  previous l> 
for  vapor  pres. nte  and  critical  temperature  measurements,  was  based  on 
the  Use  of  :•  U*eds  ..  \ortiirup  student  potentiometer.  Two  power  supplies 
were  liuilt  to  rep  I  iiee  the  standard  cell  and  working  eel  I  used  with  the 
potent  i  nine  ter. 


A  re forbore  voltage  supply  was  designed  with  ~',i i  l‘ i <•  i <*ii t  preregul.it  i on . 
both  \  it!;  res,  eel  to  input  voltage  and  to  t  <Miper.it  on  .  to  ensure  a  const  ant 
current  to  a  releietue  diode.  I  lie  re  fe  retire  diode  does  rot  driTt  more  than 
0,0(11  percent  per  degree  C  in  output  voltage.  \  voltage  divider  was  used 
to  tiring  the  voltage  level  to  that  which  would  he  ncustirtd  by  the  leeds  \ 
N'orthrup  potent  ioneter. 

The  constant-cnrrent  supply,  used  in  place  of  the  wotning  cell. was  adjusted 
hv  a  variable  resistor,  line  adjustment  was  provided  bv  external  variable 
resistors  in  parallel  with  the  output. 

T«o  transducer  power  sm  ices  were  combined  iti  the  siime  supply  (hu  source 
was  designed  to  supply  about  12H  volts  with  minimal  regulation  because  the 
Micro  Systems  driver,  used  with  the  Micro  S\ stems  transducer,  supplied 
additional  regulation.  The  other  source  was  a  regulated  and  temperature.* 
coiapcnsutcd  supply  of  nearly  7  volts  required  by  Stath.un  transducers.  file 
equilibrium  temperature  of  the  sample  was  rc< urded  to  *0.01  C  ■»>  a  chrome  I- 
altuncl  thermocouple  taped  to  the  outside  of  the  densimeter. 
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TIio  vapor  pressure  of  C1F_  was  measured  over  the  temperature  range 
of  33  C  (03  F)  to  180  C  (336  F)  using  a  constant  volume  bomb.  The 
vapor  pressure  apparatus  consisted  of  a  10-milliliter,  300  series 
stainless-steel  cylinder  with  an  immersion  thermocouple,  pressure 
transducer,  and  sample  valve  attached.  The  immersion  thermocouple 
(Tenrptron  No.  2002)  had  a  chromel-alumcl  junction  and  a  316  stainless- 
steel  sheath.  The  thermocouple  vas  sealed  into  the  10-milliliter 
cylinder,  permitting  direct  measurement  of  tin*  temperatures  of  the 
cylinder  contents.  The  thermocouple  was  calibrated  at  the  melting  point 
and  boiling  point  of  water.  A  1000  psig  Statham  pressure  transducer  was 
connected  to  the  cylinder  to  measure  pressure.  The  pressure  transducer 
was  calibrated  with  a  lleise  gage  to  corroborate  the  calihiution  factors 
reported  by  the  manufacturer.  The  readout  system  described  in  the 
previous  discussion  of  the  densimeter  vas  used  to  meet  the  readout 
requirements  of  the  thermocouple  and  pressure  transducer. 

A  sufficient  amount  or  C1F_  was  loaded  into  the  vapor  pressure  apparatus 
to  ensure  the  presence  of  some  liquid  at  all  times  over  the  range  con¬ 
sidered.  The  bomli  and  contents  were  allowed  to  reach  thermal  equilibrium 
at  selected  temperatures,  and  the  equilibrium  vapor  pressures  were 
recorded.  Constant  temperatures  above  33  C  were  obtained  by  placing  the 
entire  apparatus  in  a  Fisher  isotemp  oven. 

During  compuny- sponsored  <>r Tort  immediately  prior  to  the  program,  the 
critical  temperature  oT  CIF_  va-  measured  in  an  apparatus  of  the  type 
described  by  Ambrose  and  (irnnt  (IU?f.  10).  This  method  determines  the 
critical  temperature  by  the  disappearance  and  reappearance  of  the  liquid- 
vapor  meniscus  ns  the  temperature  of  tile  liquid  sample  contained  in  a 
sealed  quart/  capillary  is  raised  and  lowered  through  the  critical  point. 

Tn  the  meniscus  method,  a  3-ccntimetor  quart/  capillary  with  a  2-rail  1 imeter 
inside  diameter  and  an  8-snil limeter  outside  diameter  was  heated  while  under 
vacuum  to  ensure  dryness.  It  was  then  passivated  with  small  amounts  of 
f'lF_  vapor  in  successive  steps  until  passivation  was  complete.  The  capillnt 
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wns  then  filled  to  one  third  of  its  volume  with  liquid  C1F„.  After  heat 
sealing,  the  capillary  was  placed  in  a  furnace  preheated  to  125  C.  The 
furnace  consisted  of  an  electrically  heated  aluminum  block  insulated  with 
fire  brick  and  bored  and  slotted  for  reception  and  observation  of  the 
quartz  capillarits.  Temperatures  were  measured  by  a  chrome 1-alumel 
thermocouple  located  near  the  meniscus.  The  temperature  was  increased 
at  the  rate  of  0.2  C  per  minute  until  the  meniscus  disappeared.  The 
temperature  was  then  decreased  until  the  meniscus  reappeared. 


Density  of  Chlorine  Tri fluoride.  With  the  variable  volume  capabilities 
of  the  Poole-Nyberg  densimeter,  it  was  possible  to  conduct  measurements 
of  C1F.  over  the  temperature  range  of  0  C  ( >2  F)  to  177  C  (351  F)  with 
four  fillings  of  the  apparatus.  Three  runs  were  also  conducted  with  the 
constant  volume  vapor  pressure  apparatus  in  an  attempt  to  determine  the 
critical  density.  The  experimental  points  obtained  from  the  densimeter 
and  one  of  the  constant  volume  measurements  are  given  in  Table 7  and 
Fig.  12  :  the  experimental  data  of  Banks  and  Rudge  who  determined  the 
density  of  CIF1  to  45  C  (ill  F)  are  included  for  comparison.  Data  from 
the  other  two  density  measurements  in  the  constant  volume  bomb  are  still 
being  reduced. 

The  density  dato  over  the  temperature  range  of  -4  C  (25  F)  to  161  C  (322  F) 
were  curve-fitted  by  a  least-squares  computer  program,  which  resulted  in 
the  following  equation: 


p(g/ec)  -  5.'«*33  -  2.955  x  10-2T  ♦  8.625  x  10"  V  -  9.374  x  lO'V 

(R>  (K)  (K) 

The  multiple  error  of  estimate  for  this  equation  is  0.3  percent.  Because  the 
density/temperature  relationship  of  C1F„  changes  rapidly  above  160  C,  the 
data  obtained  above  161  C  were  omitted  so  that  the  data  could  be  expressed 
with  a  reasonable  equation. 
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EXPERIMENTAL  DENSITY  DATA  FOR  LIQl'ID  C1F_ 


Observed  Calculated 

ltun  Temperature,  Density,  Density,  £  p  x  10”  ’ 


.YF'RPT^T’t-Ydi-I^U 


A*  Banka  and  Bodge' a  data  (Ref. 8  ) 

Sample  Analysis:  >  99.5  weight  percent  CIF-,  <  o.. 
weight  percent  C1F,  <  0.01  weight  percent  clj, 
<0.02  weight  percent  F2,  <  0.01  weight  percent  CIO; 
0.4  weight  percent  HF 
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TABLE  7 
(Concluded) 


Run 

Number 

Temperature , 

Observed 

Density, 

gm/cc 

Calculated 

Density, 

gm/cc 

c.  n  x  10“^ 
gm/cc 

2 

mm 

mm 

mm 

2 

2 

l 

B9 

■B 

-6 

3 

BB 

1.104 

1 

3 

■9 

0.957 

1 

B* 

BS 

0.860 

II 

B*  Data  from  vapor  pressor*  apparatus 
Sample  analysis:  >  99.5  wight  percent  CIF^ 

<  0.03  wight  percent  C1F 

<  0.01  veight  percent  CI2 

<  0.02  wight  percent  Fr> 

<  0.01  wight  percent  C1O2 
0.4  wight  percent  HF 


CONFIDENTIAL 


CONFIDENTIAL 


AFRPL-TR-46-J  22 


The  composition  of  the  C1F,  sample  used  in  the  density  and  vapor  pressure 
measurements  was  >  99.5  weight  percent,  «'  0.0“  weight  percent  C1F, 

<  0.01  weight  percent  Cl0,  <  0.02  weight  percent  Fn,  <  0.01  weight 
percent  C10o,  0.4  weight  percent  HF.* 


Vapor  Pressure  of  Chlorine  Trifluoridc.  Three  vapor  pressure  runs  were 
conducted  on  C1F,  (snrapli  composition  identical  to  that  Of  the  density 
sample)  with  the  constant  volume  apparatus.  All  CIF^  vapor  pressure  data 
generated  under  this  program  arc  tabulated  in  Table  S  .  These  data  are 
in  agreement  with  data  obtained  by  Grisard,t-t  al.  (Ref.  6  )  at  lower 
temperatures. 

Additional  pressurc-volume-temperature  relationships  are  being  determined 
with  the  constant  volume  vapor  pressure  apparatus  at  reduced  CIF^  loadings 
to  determine  the  exact  values  of  critical  density  and  pressure  and  to 
increase  the  accuracy  of  the  vapor  pressure  curve.  The  vapor  pressure 
data  will  be  fitted  with  a  suitable  curve-fit  equation  by  a  least  squares 
computer  program  when  these  runs  are  completed. 


Critical  Temperature  of  Chlorine  Trifluoride.  Critical  temperature  deter¬ 
minations  were  made  on  two  different  samples  of  CIF^  (sample  assay  >99  weight 
percent  CIF^)  in  two  different  capillaries.  The  temperatures  resulting  from 
observations  of  the  CIF^  liquid-vapor  meniscus  disappearance  were  in  close 
agreement  (within  1  degree  C).  The  average  value  for  CIF^  critical  temper¬ 
ature  by  this  method  was  established  as  179.6  ±0.5  C  (355*3  F). 


Inert  Gas  Solubility  Measurements 

The  apparatus  for  inert  gas  solubility  measurements  was  designed  for  initial 
use  with  C1F,.;  the  high  chemical  activity  and  probable  low  inert  gas  solu¬ 
bility  of  this  compound  will  provide  a  stringent  test  of  the  apparatus  prior 
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to  its  use  with  additional  propellants.  Because  of  materials  compati¬ 
bility  limitations  (no  compatible  nonntetallic  seals  for  dynamic  applica¬ 
tion)  imposed  in  the  case  of  C1F_,  n  simple  technique  which  uses  no 
moving  parts  (except  valves)  has  been  adopted.  In  this  technique  the 
inert  gas  is  introduced  from  a  volume  calibrated  reservoir  into  a  volume 
calibr.-ited  test  tank  containing  a  known  quantity  of  propellant.  The 
volume  of  the  gas  absorbed  nt  a  known  temperature  and  after  agitation 
is  calculated  from  pressure  changes  that  occur  in  the  syster. .  These 
pressure  changes  are  monitored  by  two  precision  differential  pressure 
transducers. 

The  entire  apparatus  (Fig.  13)  has  been  assembled  into  a  reasonably 
compact  unit  which  has  been  mounted  in  a  thermostat  equipped  air  box 
(l<>  x  11  x  lb  inches).  The  temperature  conditioning  box  is  supported 
upon  a  rocking  platform  which  will  be  used  in  agitating  the  test  solution 
until  equilibrium  conditions  are  attained.  Adequate  thermostntic  control 
within  the  air  box  is  maintained  by  use  of  six  heaters  and  two  circulation 
fans.  A  variable  transformer  regulates  power  to  four  of  the  heaters,  and 
a  temperature  controller  supplies  the  power  to  two  heaters.  Improvement 
in  thermal  control  was  achieved  by  covering  a  major  portion  of  the  inside 
walls  of  the  box  with  aluminum  tape. 

The  complete  unit  consists  of  a  metal  plate  to  which  all  parts  of  the 
apparatus  are  mounted.  The  solubility  test  tank,  a  differential  pressure 
transducer,  a  total  pressure  transducer  and  associated  valves  are  mounted 
on  one  side.  The  gas  reference  volume  system,  which  includes  four  gas 
reservoir  chambers,  a  differential  pressure  transducer,  a  total-pressure 
transducer,  and  associated  valves,  are  mounted  on  the  other  side.  Two 
valves  on  the  test  tank  side,  which  will  be  manipulated  during  the  ex¬ 
perimental  determinations,  have  been  mounted  so  that  the  valve  handles 
protrude  through  tho  metal  plate.  This  enables  all  functioning  valves 
of  both  the  reference  volume  and  the  test  tank  to  be  manipulated  from 
the  some  side. 
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It  had  been  intended  that  the  valves  used  during  the  experimental  run 
vould  be  remotely  controlled  air-operated  valves.  Anticipated  leakage 
rates  with  these  valves  made  them  undesirable,  therefore,  positive¬ 
sealing  bellows  hand  valves  are  used.  By  utilization  of  the  multiple 
chambers  (with  appropriate  valving)  in  the  reservoir  section  of  the 
apparatus,  the  basic  design  has  been  made  flexible  enough  to  account 
for  several  ranges  of  solubility.  This  will  facilitate  any  necessary 
volumetric  changes  indicated  during  preliminary  solubility  measurements. 

The  operation  of  the  apparatus  may  be  described  briefly  as  follows: 

1.  tfith  valve  6  closed,  the  inert  gas  is  admitted  to  both  sides 
of  A  Pj  transducer.  The  appropriate  inert  gas  volume  is 
selected  by  opening  or  closing  valves  to  the  multiple  chamber 
reservoir.  Valves  B  and  C  are  closed,  and  the  reference 
pressure  is  locked  in. 

2.  Vith  a  known  quantity  of  propellant  loaded  into  the  test 
tank,  valve  H  is  closed.  Valve  G  is  opened  and  then  closed. 

3.  Pressure  transducer  A  Pj  registers  a  decrease;  and  transducer 
A  Pg  registers  an  increase  which  decreases  upon  agitation  of 
the  test  cell. 

These  pressure  changes,  the  temperature,  and  the  volumes  can  be  used  to 
calculate  the  amount  of  inert  gas  absorbed.  The  necessary  calculations 
will  be  discussed  when  the  first  solubility  data  are  reported. 

Step  2  of  the  operating  procedure  represents  a  single  increment  in  pressure 
and  can  be  repeated  until  the  desired  final  pressure  is  achieved. 

Calibration  of  the  reference  and  test  volumes  of  the  solubility  apparatus 
with  Ng  (g)  and  the  differential  pressure  transducers  has  been  conqpleted. 
Initial  tests  vith  C1F,.  will  be  run  at  about  190  F  in  the  saturation  to 
1000  paia  range.  Solubility  will  be  measured  vith  s  20  psi  differential 
driving  pressure.  The  two  differential  pressure  transducers  and  the  two 


60 

CONFIDENTIAL 


CONFIDENTIAL 


AFRPL-TR-66-122 


total  pressure  transducers  hnvo  been  calibrated  accordingly.  The  test 
side  of  tlie  solubility  apparatus  has  been  passivated  with  C1F_  and 
about  500  gms  of  C1F_  have  been  loaded  into  the  system.  Preliminary 
solubility  tests  with  nitrogen  are  under  way.  Information  from  these 
first  tests  will  be  used  primarily  to  test  assumptions  and  to  determine 
more  precisely  what  volume  of  C1F.  should  be  used  to  yield  the  best 
accuracy. 


Viscosity  Measurements 

As  a  part  of  the  program,  viscosity  measurements  were  planned  for  n 
variety  of  propellants  at  extended  temperatures  and  pressures.  Chlorine 
pentaf luoride  characterizes  the  special  problems  of  corrosivity  and  high 
pressures  that  will  lie  encountered  in  this  work.  To  satisfy  all  potential 
viscosity  requirements,  un  all-metal  capillary  viscometer  was  designed  for 
the  measurements.  Tlie  fabrication  or  the  prototype  unit  is  nonring 
completion. 

Several  alternative  techniques  of  viscosity  measurement  were  considered, 
including  oscillating-body  and  falling-body  approaches.  All  possibilities 
are  hindered  by  one  basic  condition,  the  necessity  or  desirability  of  con¬ 
fining  the  liquid  in  an  all-metal  system  capable  of  withstanding  fairly 
high  pressures  and  corrosive  action  without  excessive  deterioration.  This 
requirement  ultimately  imposes  difficulties  in  design,  construction,  or 
procedure  which  render  ordinary  experimental  techniques  unattractive. 

The  capillary  flow  technique  was  selected  for  its  relative  simplicity  of 
construction  and  operation.  In  capillary  flow  measurements,  viscosity  is 
obvained  by  observing  the  flowrate  through  capillary  tubing  and  the  cor¬ 
responding  driving  fluid  head,  usually  a  simple  gravity  head.  Doth  of  the 
parameters  in  turn  involve  observing  the  position  of  at  least  one  gas- 
liquid  interface  in  the  flow  system,  which,  in  conventional  gloss  capillary 
viscometers,  is  a  direct  visual  observation. 
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Tho  central  idea  of  the  present  concept  is  to  follow  the  notion  of  a 
pas-liquid  interface  within  steel  tubing  by  means  of  o  magnetic  steel 
f lont  ^it  the  interface  and  a  differential  transformer  surrounding  the 
tube.  A  tube  thus  equipped  can  serve  as  either  the  source  or  catch 
reservoir  for  a  capillary  flow  operation.  Flowrates  and  gravity  heads 
are  calculated  from  a  volumetric  calibration  of  the  liquid-filled  system 
volume. 

Fabrication  of  the  float  a.  d  transformer  units  was  completed  during  the 
third  quarter  of  the  program.  The  floats  are  simple  cylindrical  cups 
designed  to  fit  closely  in  0.75  x  O.OM-inch  steel  tubing.  The  cylindrical 
differential  transformer  surrounds  a  6-inch  length  of  the  tubing.  These 
units  underwent  preliminary  testing  with  a  water- filled  system  to  deter¬ 
mine  their  operating  characteristics.  In  the  intended  mode  of  operation 
the  transformer  lacked  sensitivity  to  float  position.  However,  an 
alternative  method  was  developed  in  which  the  secondary  coils  of  the 
transformer  are  used  as  two  arms  of  the  impedance  bridge.  With  this 
concept,  float  position  can  be  accurately  sensed  over  the  entire  trans¬ 
former  span,  and  the  utility  of  this  detector  is  enhanced.  Tests  were 
also  conducted  to  ascertain  the  reproducibility  of  the  transformer-float 
signal  vs  liquid  level  position  under  conditions  of  changing  level.  Lack 
of  equilibrium  between  float  and  liquid  is  not  expected  to  introduce 
uncertainties  if  the  rate  of  fall  is  level  or  reasonably  slow. 

The  first  viscometer  design  incorporated  conventional  capillary  tubing 
of  about  0.01-inch  ID  and  '*  inches  in  length.  Some  units  of  this  type 
prepared  for  use  in  the  viscometer  were  not  serviceable  because  of  plugged 
bores.  In  the  present  design,  the  viscometer  will  utilize  relatively 
long,  large-bore  capillary  tubing,  typically  0.025-inch  ID  and  30  inches 
long.  The  larger  tubing  will  help  reduce  the  possibility  of  plugging  or 
otherwise  altering  tho  bore.  Also,  the  larger  tubing  provides  for  the 
necessary  flow  impedance  and  flowrates  at  lower  velocities,  thus  reducing 
the  importance  of  frictional  losses  at  the  tubing  ends.  These  losses, 
which  are  nonlinear  in  viscosity,  and  therefore  difficult  to  calibrate, 
can  be  important  at  the  low  viscosities  (approaching  0.001-inch  stroke) 
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With  the  liquid-gas  interface  detection  system  there  are  various  ways  in 
which  the  flow  system  may  be  arranged  to  carry  out  repeated  capillary 
flow  tests.  These  various  arrangements  would  not  differ  conceptually, 
but  merely  in  form  of  use  and  calibration.  In  the  viscosKter  configura¬ 
tion  selected,  the  source  and  catch  reservoirs  ore  simply  two  limbs  of  a 
"TJ-tube"  connected  by  the  capillary  tubing.  The  3/4-inch  tubing  equipped 
for  interface  detection  is  one  of  these  reservoirs;  the  other  is  a  choice 
between  1. 5-inch  and  0.373-inch  tubing  sections.  Thus,  with  a  given 
volume  of  liquid,  the  observable  height  of  interface  displacement  may  be 
used  to  set  up  either  a  small  driving  head  with  the  large-bore  reservoir, 
or  a  relatively  large  head  with  the  small  reservoir.  This  choice  provides 
added  control  over  the  duration  of  a  flow  experiment.  In  addition,  a 
given  viscosity  may  be  measured  in  the  same  capillary  at  substantially 
different  Reynolds  numbers.  Hence,  the  effect  of  frictional  end  losses 
may  be  directly  observed  and  corrections  applied  at  the  lower  viscosities 
as  necessary. 

The  entire  assembly  of  reservoirs,  capillary  tubing,  and  accessory  plumbing, 
nearly  5  feet  long,  will  be  contained  within  a  thermal-control  dry  box. 

Sore  difficulties  were  experienced  in  supporting  the  unit  to  obtain  a 
straight,  strain-free  capillary  run.  Bending  of  the  capillary  would  have 
reduced  the  problems  arising  from  lack  of  compactness  with  the  long 
capillary,  but  any  useful  bends  would  introduce  frictional  effects  nonlinear 
in  viscosity  and  would  tend  to  invalidate  the  advantages  of  the  long 
capillary.  The  present  capillary  location  is  such  that  the  capillary  tubing 
will  receive  little  mechanical  stress  from  the  remaining  plumbing  and  mr.y 
be  replaced  with  relative  ease. 

The  viscometer  flow  system  is  complete  except  for  installation  of  the 
capillary  itself  which  will  be  the  final  step  in  assembly.  The  current 
activity  is  to  complete  the  heating  and  circulation  system  of  the  temper- 
attire  control  box.  After  the  assembly  is  complete,  the  temperature  control 
system  will  be  checked  to  ensure  satisfactory  temperature  uniformity  over 
the  capillary  length.  The  float-transformer  detection  system  will  be 
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tested  and  calibrated  in  place.  The  capillary  tubing  will  then  be 
calibrated  against  liquids  of  known  viscosity  prior  to  actual 
viscosity  measurements  on  CIF^.  These  initial  measurements  will 
extend  the  present  C1F,.  data  described  tinder  Phase  III  to  higher 
temperatures  and  pressures. 
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PHASE  III:  DATA  EVALUATION 


OBJECTIVE 

Phase  i'll  constituted  the  overall  analysis,  internal  correlation,  and 
evaluation  of  propellant  properties  data.  The  initial  effort,  based  on 
Air  Force  requirements  and  early  results  of  the  literatwe  survey,  was 
directed  at  establishment  of  propel 1» it  property  requirements  for  Phase  II 
experimental  characterization.  Re-evt.  art ion  and  modification  (either 
additions  or  deletions)  in  the  scope  of  Phase  II  effort  was  to  be  made, 
if  required,  during  the  continuation  of  Phase  III  effort.  Necessary 
changes  in  the  property  requirements  were  to  be  approved  by  the  Air  Force 
Project  Engineer.  During  the  remainder  of  the  program,  Phase  III  efforts 
were  directed  toward  evaluation  and  compilation  of  the  data  generated 
during  Phases  I  and  II. 


RESULTS  AND  ACCOMPLISHMENTS 

Propellant  Property  Requirements 

Phase  IH  effort  was  initiated  with  a  preliminary  evaluation  of  data  ob¬ 
tained  from  a  rapid  review  of  the  literature  under  Phase  I.  This  review 
provided  an  initial  summary  of  the  missing  properties  for  each  of  the 
propellants  of  inwdiate  interest  to  the  Air  Force.  For  the  most  part, 
these  propellants  had  not  been  defined  with  respect  to  thermal  conductiv¬ 
ities,  dielectric  constants,  electrical  conductivities,  surface  tensions, 
compressibilities  (or  sonic  velocities),  and  inert  gas  solubilities. 
However,  several  propellants  of  pximary  importance  were  not  adequately 
characterized  (experimental  data  over  vide  temperature  and/or  pressure 
ranges)  with  respect  to  the  basic  properties  of  density,  specific  heat, 
and  viscosity. 
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An  illustration  of  the  original  physical  property  data  gaps  for  the  pro¬ 
pellants  listed  in  Phase  I  is  shown  in  Tables  9  and  10.  In  these  illus¬ 
trations,  the  existing  data  on  each  of  the  selected  propellants  are 
represented  by  circles  divided  into  four  main  quadrants.  The  absence  of 
any  data  is  denoted  by  a  blank  circle.  The  existence  of  a  few  experimental 
point;,  or  some  calculated  data  is  represented  by  the  first  or  northwest 
quadrant.  Experimental  data  over  a  range  of  temperature  are  shown  by  the 
second  (southwest)  quadrant.  Completion  of  the  third  quadrant  indicates 
the  existence  of  a  majority  of  the  essential  data  required  for  the  pro¬ 
pellant's  application.  Complete  experimental  physical  characterization 
over  all  desired  conditions  of  temperature  and  pressure  is  shown  by  n 
completed  circle.  A  partially  completed  circle  under  critical  properties 
indicates  the  absence  of  experimental  data  for  one  or  more  of  the  defining 
conditions.  This  sunmary,  in  addition  to  consideration  of  the  immediate 
availability  and  readiness  of  equipment,  was  used  to  prepare  the  experi¬ 
mental  priority  list  for  Phase  II. 

Using  these  criteria,  the  following  initial  experimental  plan  for  Phase  II 
determinations  was  submitted  to  the  Air  Force  Project  Engineer  for  approval: 

1.  Physical  property  measurements  were  to  be  initiated  on 

a.  Thermal  conductivity  of  UDMH-N0H^ (50-50 )  ^ 

b.  Sonic  velocity  (adiabatic  compressibility)  of  C1F_ 

c.  Specific  heat  of  CIF^  from  30  F 

d.  Density  of  CIF^  from  ~  50  C  to  critical  point 

e.  Inert  gas  solubility  in  C1F,. 

f.  Viscosity  of  C1F,.  (over  extended  temperature  aud  pressures) 

2.  Thermal  conductivity  measurements  were  to  continue  throughout 

the  remainder  of  the  program  on  propellants  ranked  in  the  order 

of  MMH,  UDMH,  MHF-3,  MHF-5,  CIF^,  Ho0o,  MON,  Alumizine,  B^IIg, 

Hybalines,  FL0X,  0Fo,  and  N„F^. 
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?.  Sonic  velocity  measurements  were  to  continue  ranked  in  the  order 
«*{  ClFj,  NgO^,  MON,  HgO,,,  MHF-5,  Alumizine,  Hybalines, 

B2H6,  FLOX,  0F2,  and  N^. 

4.  Specific  heat  measurements  were  to  continue  ranked  in  the  order  of 
HDMH-NgH^ ( 50-50) ,  MMH,  UDMR,  MHF-3,  MHF-5,  Alunizine ,  Hybalines, 
MON,  Ho02,  Fg,  FLOX,  OF^,  and  NgF^  in  temperature  ranges  where 
data  are  missing. 

5>  Density  swasurements  were  to  continue  ranked  in  the  order  of 
DDMH-N2H4 (50-50)  (160  F  to  500  F),  MHF-3  (freezing  point  to  de¬ 
composition  point),  MHF-5  (freezing  point  to  decomposition  point), 
and  FLOX  (range  of  mixtures  over  liquidus  range). 

6.  Inert  gas  solubility  measurements  were  to  continue  in  the  order 
of  MMH  and  ODMH-NgH^ ( 50-50)  (if  present  data  are  inadequate), 

C1F.J,  MHF-3,  and  MHF-5. 

7.  Viscosity  measurements  over  extended  temperature  and  pressure 
ranges  were  to  continue  ranked  in  the  order  of  CIF^,  MHF-3, 

MHF-5,  UDMH-N2H4 (50-50),  and  MMH. 

8.  Other  properties  were  to  be  sieasured  as  the  need  existed. 


Data  Compilation 

All  original  sources  of  data  obtained  through  the  Phase  I  literature  sur¬ 
vey  were  used  to  compile  individual  propellant  bibliographies  regardless 
of  the  eventual  use  of  the  data  therein.  However,  before  their  inclusion 
in  the  bibliography,  these  sources  w«n*  checked  for  correctness  and  com¬ 
pleteness  of  the  reference.  Where  Rocketdyne  was  unable  to  obtain  the 
original  source,  a  secondary  reference  was  used  and  noted.  The  complete 
bibliography  for  each  propellant  was  tabulated  in  a  fora  based  on  refer¬ 
ences  for  each  propellant  and  according  to  physical  property. 

Completed  physical  property  bibliographies  for  MF-1,  1HF-3,  MHF-5,  CIF^, 
and  ClFj  are  included  in  this  report  (Appendixes  A  through  E) •  Each  of 
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the  sources  included  in  the  bibliographies  has  been  checked  for  correctness 
and  completeness  of  the  reference.  (A  B0Rj.  physical  property  bibliography 
has  also  been  prepared,  but  the  reference  check  is  incomplete.)  A  short 
description  of  each  of  these  enclosed  bibliographies  is  given  in  the  fol¬ 
lowing  paragraphs. 

The  MHF  bibliographies  are  limited  to  physical  property  data.  Although 
several  quarterly  reports  containing  the  data  have  appeared  under  the 
referenced  contracts,  only  the  final  reports  were  used  whenever  possible. 

The  CIF^  bibliography  primarily  contains  sources  of  physical  property  data, 
but  some  references  are  also  included  for  chemical  properties.  The  pun- 
lications  cited  under  "General  References"  are  a  compendium  of  physical 
property  data.  Although  these  sources  are  secondary,  they  were  included 
because  of  their  extensive  and  comprehensive  coverage.  Sources  of  cal¬ 
culated  data  were  used  where  experimental  data  were  not  available,  but 
the  eventual  publication  of  these  data  will  include  their  referencing 
as  such. 

The  C1F,.  bibliography  includes  all  of  the  available  engineering  properties 
data;  however,  only  original  data  sources  have  been  referenced.  Where 
data  are  given  in  both  quarterly  and  final  reports  of  contracts,  only  the 
final  report  is  referenced. 


Data  Evaluation 


The  remaining  Phase  III  effort  has  been  c  ncentrated  on  the  reduction, 
evaluation,  and  correlation  of  data  generated  during  Phases  I  and  II. 
Physical  property  data  from  original  publication,  as  located  through  the 
Phase  I  literature  survey,  are  being  checked  for  authenticity  of  the  data 
(with  reference  to  measurement  technique,  propellant  purity,  handling  of 
results,  etc.)  and  cataloged  for  future  summary  publications  of  each  pro¬ 
pellant.  Within  this  cor'-ext  and  as  part  of  this  effort,  studies  under 
Contract  AF04(6ll)-9563  (Ref.  1  and  ll),  and  Rocketdyne-sponsored 
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work,  a  comprehensive  draft  of  a  C1F,.  Engineering  Properties  and  Handling 
Manual  has  been  assembled  for  Air  Force  approval  and  publication. 

Thus  far,  authenticity  checks  have  been  completed  on  the  physical  property 
data  contained  in  the  bibliographies  of  the  five  propellants  (MHF-1,  M1IF-3, 
MIIF-5,  CIF^,  and  C1F,.)  listed  in  the  appendices.  Although  there  are  some 
conflicts  in  the  data  for  various  properties  of  some  of  the  propellants, 
the  authenticity  check  of  the  experimental  data  revealed  only  one  potential 
cause  of  discrepancy.  Experimental  data  on  CIF^  phase  properties  as  summar¬ 
ized  in  Report  RMD  5025-F  (p.  E-l)  resulted  from  measurements  on  a  propellant 
sample  of  comparatively  low  (~  96  w/o  C1F,.)  purity.  Resolution  of  the  other 
discrepancies  will  be  continued  and  presented  to  the  Air  Force  Project  Eng¬ 
ineer  for  approval  before  their  publication. 

Phase  III  data  evaluation  efforts  also  included  the  curve-fitting  of  repre¬ 
sentative  data  from  Phase  II  experimental  results  and  correlations  with 
other  data,  if  required.  The  Phase  II  data  curve-fits  and  resulting 
graphical  representations  are  shown  in  Phase  III.  Additional  analytical 
evaluations  are  in  progress  to  determine  the  correlation  of  the  specific 
heat  results  for  CIFy  and  C1F,.,  described  herein,  with  those 

of  other  investigators  (Ref.  6,  7,  and  12,  respectively)  at  different 
temperature  levels. 


Chlorine  Pentaf luoride  Viscosity.  As  a  part  of  the  data  correlation 
efforts,  experimental  CIF^  viscosity  data  resulting  from  two  different 
studies  (Ref.  1  and  12)  wi+h  overlapping  temperature  ranges  were  curve- 
fitted  from  -130.5  to  68  F.  The  equation  which  describes  the  data  is: 

"(ib/ft-.„c)  ■  -4-80138  ‘  ‘"•■'■’/•'(a) 

The  multiple  error  of  estimate  of  the  least  squares  curve-fit  shown 
graphically  in  Fig.  14  was  1.86  percent. 
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TEMPERATURE,  F 


Figure  14.  Viscosity  of  Chlorine  Pentafluoride 
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FUTURE  EFFORT 


The  objectives  and  efforts  described  in  this  program  have  been  extended 
for  a  period  of  2  years  under  Contract  AF04(6ll)-11407.  This  new  three- 
phase  program,  which  was  initiated  on  1  April  1966 ,  will  continue  the 
survey  of  propellant  properties  literature;  extend  the  experimental  phys¬ 
ical  characterization  to  additional  propellants  and  properties;  and  con¬ 
tinue  the  analysis,  correlation,  evaluation  and  selected  summary  publication 
of  data  generated  in  Phases  I  and  II. 


CONFIDENTIAL 


CONFIDENTIAL 


AFRPL-TR-66- 122 


REFERENCES 


1.  R-6055)  Final  Report,  Preparation  and  Characterization  of  a  New  High 
Energy  Oxidizer.  Rockvtdyne,  a  Division  of  North  American  Aviation, 
Inc.,  Canoga  Park,  California,  AFRPL-TR -65-51 ,  Contract  AF04 (61 l) -9563* 
CONFIDENTIAL. 

2.  Greenspan,  M.  and  C.  E.  Tschiegg:  "Tables  of  the  Speed  of  Sound  m 
Water,"  J.  Ac oust.  Soc.  Am..  51.  75  (1959)* 

3«  Wilson,  W.  D. :  "Speed  of  Sound  in  Distilled  Water  as  a  Function  of 
Temperature  and  Pressure,"  J.  Acoust.  Soc.  An..  31.  106?  (1959). 

4.  NBS  Circular  561 ,  Reference  Tables  for  Thermocouples .  Nation-.l  Bureau 
of  Standards,  27  April  1955* 

5*  Time  man,  J. :  Physico-Chemical  Constanta  of  Pur-  Organic  Compounds. 
Elsevier  Pub.  Co.,  New  York,  1950. 

6.  Grisard,  J.  V, ,  H.  A.  Bernhardt,  and  G.  D.  Oliver:  "Thermal  Data, 

Vapor  Pressure  and  Entropy  of  Chlorine  Trifluoride,"  J.  Am.  Chem.  Soc.. 
22,  5725  (1951). 

7«  Aston,  J.  G.,H.  L.  Fide,  G.  J.  Janz,  and  K.  E.  Russell,  J.  Am.  Chem. 
Soc.,  22,  1939  (1951). 

8.  Banks,  A.  A.  and  A.  J.  Rudge:  "The  Determination  of  the  Liquid 
Density  of  Chlorine  Trifluoride,"  J.  Chem.  Soc. .  Vol.  1,  191  (1950). 

9.  Poole,  D.  R.  and  D.  G.  Nyfcerg:  "High  Pressure  Densimeter,"  J.  Sci. 
Lastru. ,  ^O,  576  (1962). 

10.  Ambrose,  D.  and  D.  G.  Grant:  "Critical  Temperatures  of  Some  Hydro¬ 
carbons  and  Pyridine  Bases,”  Trans.  Faraday  Soc. .  55.  771  (1957). 

11.  R-6445,  Addendum  to  Final  Report.  Preparation  and  Characterization 
of  a  New  High-Energy  Oxidizer.  Rocketdyne,  a  Division  of  North 
American  Aviation,  Inc.,  Canoga  Park,  California,  January  1966, 

Contract  AF04(6ll)-9563,  CONFIDENTIAL. 

v 

WRV1U13  BIOS  WAS  BLAME  TMEJVCK  WAS  SOT  FUMED 

CONFIDENTIAL 


CONFIDENTIAL 


AFRPL-TR-66-122 


12.  HMD  5050-F,  Advanced  Oxidizers  for  Prepackaged  Liquid  Engines. 

Reaction  Motors  Division,  Thiokol  Chemical  Corporation,  Denville, 
New  Jersey,  Contract  NOv  64-0447-C,  31  July  1965.  CONFIDENTIAL. 


CONFIDENTIAL 


CONFIDENTIAL 


AFRPL-TR-66-122 


APPENDIX  A 


MHF-1  (23.3  w/o  N2H4,  45.3  w/o  31-4  w/o  N^NO^)  BIBLIOGRAPHY 


PHYSICAL  PROPERTY  BIBLIOGRAPHY 

Composition 

RMD  239-F ,  High  Performance  Storable  Liquid  Propellants.  Reaction 
Motors  Division,  Thiokol  Chemical  Corporation,  Denville,  New  Jersey, 
Report  Period:  June  1958  -  May  1959,  Contract  NOas  58-644-c, 
CONFIDENTIAL* 

Melting  (Freezing)  Point 

HMD  239-F,  High  Performance  Storable  Liquid  Propellant3.  Reaction 
Motors  Div.,  Thiokol  Chemical  Corporation,  Denville,  New  Jersey, 

Report  Period:  June  1958  -  May  1959,  Contract  NOas  58-644-c, 
CONFIDENTIAL. 
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Motors  Div.,  Thiokol  Chemical  Corporation,  Denville,  New  Jersey, 

Report  Period:  Jan.  -  Dec.  I960,  Contract  NOw  60-0106-c,  CONFIDENTIAL. 


Boiling  Point 

RMD  239-F,  High  Performance  Storable  Liquid  Propellants.  Reaction 
Motors  Div.,  Thiokol  Chemical  Corporation,  Denville,  New  Jersey, 
Report  Period:  June  1958  -  May  1959,  Contract  NOas  58-644-c, 
CONFIDENTIAL.  (Extrapolated  from  vapor  pressure  dato.) 
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Density.  Liquid 

RMD  239-F,  High  Performance  Storable  Liouid  Propellants.  Reaction 
Motors  Div. ,  Thiokol  Chemical  Corporation,  Denville,  New  Jersey, 
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CONFIDENTIAL  • 
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Vapor  Pressure 
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CONFIDENTIAL. 
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Report  Period:  Jan.  -  De :  I960,  Contract  NOw  60-0106-c,  CONFIDENTIAL. 


Heat  Capacity.  Liquid 
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Report  Period:  June  1958  -  May  1959,  Contract  NOas  58-644-c, 
CONFIDENTIAL. 
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Decomposition 

RMD  1150-F,  Research  Program  to  Study  Interhalogen  Oxidizer  Systems. 
Reaction  Motors  Div. ,  Thiokol  Chemical  Corporation,  Denville,  New 
Jersey,  Report  Period:  April  -  Oct.  1959,  Contract  NOas  59-6209-c, 
CONFIDENTIAL, 


Toxicity 

CRDLR  3104 ,  Acute  Toxicity  of  a  Mixed  Hydrazine  Fuel  (MIlF-l) ,  Chemical 
Research  and  Development  Laboratories,  Army  Chemical  Center,  Maryland. 
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APPENDIX  B 

MHF-3  (86  w/o  14  w/o  N^)  BIBLIOGRAPHY 

PHYSICAL  PROPERTY  BIBLIOGRAPHY 
Composition 
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N600( 19) 62259,  CONFIDENTIAL. 


Physical  Properties,  Compendia 

RMD  5046-F,  Advanced  Propellants  Investigation  for  Prepackaged  Liquid 
Engines .  Reaction  Motors  Div.,  Thiokol  Chemical  Corporation,  Denville, 
New  Jersey,  Report  Period:  May  -  Aug.  1964,  Contract  N600 (19)62259, 
CONFIDENTIAL. 


Melting  (Freezing)  Point 

AGC  1426,  Summary,  Investigation  of  Liquid  Rocket  Propellants. 
Aerojet-General  Corp. ,  Asusa,  California,  Report  Period:  Jan.  1948  - 
Dec.  1957,  Contract  N7onr-462,  CONFIDENTIAL. 


Boiling  Point 

RMD  5046-F,  Advanced  Propellants  Investigation  for  Prepackaged  Liquid 
Engines.  Reaction  Motors  Div.,  Thiokol  Chemical  Corporation,  Denville, 
New  Jersey,  Report  Period:  May  1964  -  June  1965,  Contract 
N600( 19)62259,  CONFIDENTIAL. 
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Pena i tv.  Liquid 

RMD  1150-F,  Research  Program  to  Study  Interhalogen  Oxidizer  Systems, 
Reaction  Motors  Div.,  Thiokol  Chemical  Corporation,  Dcnville,  "New 
Jersey,  Report  Period:  April  -  Oct.  1959,  Contract  NOas  59-6209-c, 
CONFIDENTIAL. 

RMD  5073-<}l»  Advanced  Propellants  for  Prepackaged  Liquid  Engine, 
Reaction  Motors  Div.,  Thiokol  Chemical  Corporation,  Denville,  New 
Jersey,  11  August  1965,  Contract  NOas  65-0575-c,  CONFIDENTIAL. 

Vapor  Pressure 

RMD  5046-F,  Advanced  Propellant  Investigation  for  Prepackaged  Liquid 
Engines,  Reaction  Motors  Div.,  Thiokol  Chemical  Corporation,  Denville, 
New  Jersey,  Report  Period:  May  1964  -  June  3965,  Contract 
N600(19)62259,  CONFIDENTIAL. 

Viscosity.  Liquid 

RMD  2004-F,  High  Performance  Packageable  Liquid  Propellants.  Reaction 
Motors  Div.,  Thiokol  Chemical  Corporation,  Denville,  New  Jersey, 

Report  Period:  Jan.  -  Dec.  I960,  Contract  NOw  60-0106-c,  CONFIDENTIAL. 
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APPENDIX  C 


MHF-5  (55  v/o  CILjN^H^ ,  26  v/o  N^,  19  v/o  N^NOj)  BIBLIOGRAPHY 


PHYSICAL  PROPERTY  BIBLIOGRAPHY 

Composition 

RMD  5005-F,  Packaged  Liquid  Propellants.  Reaction  Motors  Div.,  Thiokol 
Chemical  Corporation,  Denville,  New  Jersey,  Report  Period:  Jan.  - 
Sept.  1962,  Contract  NOv  62-0785-c,  CONFIDENTIAL. 


Melting  (Freezing)  Point 

RMD  5005-F,  Packaged  Liquid  Propellants.  Reaction  Motors  Div. ,  Thiokol 
Chemical  Corporation,  Denville,  New  Jersey,  Report  Period:  Jan.  - 
Sept.  1962,  Contract  NOw  62-0785-c,  CONFIDENTIAL. 


Boiling  Point 

RMD  5046-F,  Advanced  Propellant  Investigation  for  Prepackaged  Liquid 
Engines .  Reaction  Motors  Div.,  Thiokol  Chemical  Corporation,  Report 
Peiiod:  May  1964  -  June  1965,  Contract  N600(l9)62259,  CONFIDENTIAL. 


Density 

RMD  5005-F,  Packaged  Liquid  Propellants.  Reaction  Motors  Div.,  Thiokol 
Chemical  Corporation,  Denville,  New  Jersey,  Report  Period:  Jan. 

Sept.  1962,  Contract  NOw  62-0785-c,  CONFIDENTIAL. 

RMD  5046-F,  Advanced  Propellant  Investigation  for  Prepackaged  Liquid 
Engines,  Reaction  Motors  Div.,  Thiokol  Chemical  Corporation,  Denville, 
New  Jersey,  Report  Period:  May  1964  -  June  1965,  Contract 
N600( 19) 62259,  CONFIDENTIAL. 
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Vapor  Pressure 
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Sept.  1962,  Contract  NOv  62-0785-c,  CONFIDENTIAL. 

RMD  5046-F,  Advanced  Propellant  Investigation  for  Prepackaged  Liquid 
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New  Jersey,  Report  Period:  May  1964  -  June  1965,  Contract 
N600( 19) 62259,  CONFIDENTIAL. 


Heat  Capacity 

RMD  5046-F,  Advanced  Propellant  Investigation  for  Prepackaged  Liquid 
Engines ,  Reaction  Motors  Div.,  Thiokol  Chemical  Corporation,  Denville, 
New  Jersey,  Report  Period:  May  1964  -  June  1965,  Contract 
N600( 19) 62259,  CONFIDENTIAL. 


Viscosity 

RMD  5005-F,  Packaged  Liquid  Propellants,  Reaction  Motors  Div.,  Thiokol 
Chemical  Corporation,  Denville,  New  Jersey,  Report  Period:  Jan.  - 
Sept.  1962,  Contract  NOw  62-0785-c,  CONFIDENTIAL. 


Flash  Point 

RMD  5046-F,  Advanced  Propellant  Investigation  for  Prepackaged  Liquid 
Engines ,  Reaction  Motors  Div.,  Thiokol  Chemical  Corporation,  Denville, 
New  Jersey,  Report  Period:  May  1964  -  June  1965,  Contract 
N600( 19) 62259,  CONFIDENTIAL. 
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Shock  Sensitivity 

HMD  5005-F,  Packaged  Liquid  Propellants,  Reactio  1  ”itors  Div. ,  Thiokol 
Chemical  Corporation,  Denville,  New  Jersey,  Re  •  Period:  Jan.  - 
Sept.  1962,  Contract  NOv  62-0785-c,  CONFIDENTIAL. 


Decomposition  Rate 

RMD  5OA6-F,  Advanced  Propellant  Investigation  for  Prepackaged  Liquid 
Engines .  Reaction  Motors  Div.,  Thiokol  Chemical  Corporation,  Denville, 
New  Jersey,  Report  Period:  May  1964  -June  1963,  Contract 
N600(l9)62259,  CONFIDENTIAL. 
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APPENDIX  D 

CHLORINE  TRIFLUORIDE  BIBLIOGRAPHY 

GENERAL  IDENTIFICATION 

Molecular  Weight 

International  Atomic  Weights,  1939 


Molecular  Structure 


Burbank,  Robinson,  D. ,  and  Bensey,  Frank  N. ,  "The  Structure  of  the 
Interbalogen  Compounds.  I.  Chlorine  Trifluoride  at  -120“,"  J.  Chem. 
Phvs..  21,  602-8  (1953). 

Pitaer,  Kenneth,  "Bonding  in  Xenon  Fluorides  and  Halogen  Fluorides," 
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Smith,  D.  F. ,  "The  Microwave  Spectrum  and  Structure  of  Chlorine 
Trifluoride,"  J.  Chem.  Phvs. .  21,  609-14  (1953). 
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"Miscellaneous,"  1958,  CONFIDENTIAL. 

Greenwood,  N.  N. ,  "Physicochemical  Properties  of  the  Interhalogen 
Compounds,"  Revs.  Pure  Applied  Chem.  (Australia),  _1>  84-120  (l95l). 
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CONFIDENTIAL. 
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PHASE  PROPERTIES 
Melting  {Freezing)  Point 
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Transition  Point 
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Raff  and  Krug ,  0£.  cit. 

Raff,  op.  cit. 

Banks,  A.  A.,  and  Radge,  A.  «J. ,  "The  Detemination  of  the  Liquid 
Density  of  Chlorine  Trifluoride,"  J.  Chen.  Soc..  1950.  191-3« 

Triple  Point 

Grisard,  Bernhardt,  and  Oliver,  oj>.  cit. 


Critical  Constants 


Grisard,  Bernhardt,  and  Oliver,  op.  cit. 
Ruff  and  Krug,  op.  cit. 


Density.  Liquid 

Bonks  and  Rudge,  oj>.  cit. 

NOTS  TP  3002,  Quarterly  Progress  Report  290.  Densities  of  Liquid 
Osidisers.  (Nyherg,  D.  G. ,  and  Poole,  D.  R.),  April-June  196-, 
CONFIDENTIAL. 

Rocketdyne,  this  contract. 


CONFIDENTIAL 


CONFIDENTIAL 


AFRPI/-TR-66-122 


Density.  Vapor 
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Surface  Tension  and  Viscosity  of  Liquid  Chlorine  Trifluoride 
J.  Chen.  Soc. ,  19?S.  732-5. 

t 
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Surface  Tension 
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"Chlorine  Trifluoride,"  JANAF  Theraocheaical  Data,  the  Dow  Cheaical 
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Thermal  Conductivity 


AGC  LRP  178,  og.  cit.  (calculated) 

CONFIDENTIAL 


CONFIDENTIAL 


AFBPL-TR-66-122 


ELECTROMAGNETIC  PROPERTIES 

Dipole  Moment 

Magnuson,  Dale  W. ,  "Dielectric  Constant  Measurements  of  Chlorine 
Trifluoride  at  9400  Mc/sec.,n  J.  Chem.  Phvs..  20,  229-32  (1952). 

Magnus on,  Dole  Vf. ,  "Microwave  Dielectric-Constant  Measurements," 
J.  Chem.  Phva..  24,  344-7  (1956). 
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Jones,  Parkinson,  and  Murray,  op.  cit. 


D-9 

CONFIDENTIAL 


CONFIDENTIAL 


AFRPL-TR-66-122 


Shafer,  and  h  .off,  oj>.  cit. 


Vibrational  Spectrum 

Claassea,  Ke instock,  and  Malm,  op.  cit. 
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Shifts, "  J.  Chem.  Phvs..  41,  2098-107  (1964). 


Index  of  Refraction 


Rogers,  Max  T. ,  Malik,  Jim  G. ,  and  Speirs,  John  L. ,  "The  Refractive 
Indexes  and  Molar  Refractions  of  Some  Halogen  Fluorides  and  Fluoro¬ 
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Motors  Div. ,  Thiokol  Chem.  Corp.,  Denville,  N.  J. ,  Report  Period: 
Jan.  -  Sept  1962,  Contract  NOv  62 -0785-c,  CONFIDENTIAL. 

Ruff,  and  Krug ,  og.  cit. 
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